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MATHEMATICAL MODELS OF THE MASSACHUSETTS BAY

ABSTRACT - PART III

A MATHEMATICAL MODEL FOR THE DISPERSION OF

SUSPENDED SEDIMENTS IN COASTAL WATERS

GEORGIOS C. CHRISTODOULOU

WILLIAM F. LEIMKUHLER

and

ARTHUR T ~ IPPEN

A three-dimensional analytical model is proposed for the descrip-
tion of the dispersion of fine suspended sediments in coastal waters.
The model basically predicts the quasi-steady state sediment concentra-
tion as a function of space and tidal time and the deposition pattern in
the region surrounding a continuous vertical line source. It requires
that the sediment settling velocities and the hydrodynamic features of
the area, the net drift and the tidal veloci.ties as well as the disper-
sion coefficients be known. Effects of wave action and vertical

stratification are not explicitly considered. A separation of variables
technique permits a rather independent treatment of the vertical and
horizontal distributions; they are linked primarily through tha. decay
factor, which represents the loss of material to the bottom.

The model is applied to a hypothetical dredging situation in
Massachusetts Bay. Values for the hydrodynamic parameters were obtained
from the analysis of field data collected during the past year. Labora-
tory experiments were carried out for the determination of settling
rates of clays in. seawater, in view of unknown flocculation factors.
Stoke's law was considered adequate for silt and very fine sand.

The model results indicated very long and relatively narrow
dispersion patterns, under the assumption of constant drift direction.
The net drift and the sediment settling velocity seem to be the most
important factors controlling the dispersion of fines in coastal waters.
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CHAPTER 1

INTRODUCTION

Suspended sediments of inorganic and organic origin exist in

most coastal waters in varying small concentrations. Their presence

arises either from natural sources or increasingly from man's activities

near and off the shores. Natural erosion processes take place inland

and produce suspended sediment which eventually reach the estuaries and

the sea, Man has contributed to this natural supply by construction,

waste disposal, agricultural and irrigation practices, and in more

recent years provides additional amounts of sediments by extension of

his activities to the shorelines and coastal waters.

The amount of sediment naturally present in the coastal environ-

ment must be considered a part of this environment, and all biological

activity has in time come to quasi-equilibrium with this as with all

other factors present. A drastic change in sediment concentration could

hinder some natural processes possibly causing severe damage to many

forms of life.

More specifically, suspended solid particles contribute to the

turbidity of the waters and hence affect biological processes through

the extinction of light. Thus, increased concentrations could impair

the growth of many organisms locally as well as some distance away from

the disturbance created by man. In addition, these particles, wherever

they are deposited, could directly affect plant and animal life on the

sea bed.

-13-



A growing concern has therefore arisen with regard to this type

of pollution and the prediction of the movement and dispersion of the

fine sediments introduced into a coastal area by dredging or dumping

has become a most important problem. In order to make such a predic-

tion, it is first necessary that the hydrodynamic characteristics of

the area be known. Thus the problem requires information concerning

dynamic characteristics such as the magnitudes and directions of tidal

and non-tidal currents, the distribution of the velocities in the

vertical direction, the vertical and horizontal dispersion rates, the

effects of wind and waves, and other parameters. All of these depend

upon the geometry and the geographical position of the body of water

under consideration, in addition to the meteorological conditions.

However, the geometry is usually complex and the meteorological condi-

tions cannot be readily forecast. Theoretical approaches to the

determination of the velocity field must therefore be based on simpli-

fying assumptions.

The limited knowledge of sediment transport behavior, coupled

with the hydrodynamic complexities, makes the problem one of extreme

difficulty. The sediments of interest consist typically of very fine

material. For the most part they fall into the silt and clay range.

In the presence of sea water, electrochemical forces become important,

causing flocculation, that is, the individual grains form larger

aggregates which have lower density and mostly increased settling rates.

In spite of these complications, theoretical investigations can

still lead to some significant results. Even under gross assumptions,



these results provide at least qualitative information, which can form

the basis for more sophisticated approaches toward a good understanding

of the process.

Previous investigations of the behavior of solid suspensions have

dealt for the most part with single aspects of the problem. These

studies are briefly reviewed in a following section.

The present study is an attempt to solve the general problem of

sediment dispersion in coastal waters by combining the results of pre-

vious analytical investigations, field measurements, and laboratory

experiments. Several simplifying assumptions were made to this end and

a specific three � dimensional analytical model is proposed for a descrip-

tion of the processes involved. Numerical models may be developed as

a further step. Nevertheless, it is believed that an analytical solu-

tion, relatively simple and generally applicable, can serve as a first

approximation for the prediction of sediment transport and dispersion

in coastal waters.

This analytical model starts with the general three-dimensional

dispersion equations to which a separation of variables technique is

applied so that the vertical concentration distribution can be treated

independently. A single layer shear flow is then assumed, and the

equilibrium concentration profile is found for the vertical direction,

as is done in open channel flow. Stokes' law for settling velocities

of sediments other than clays is applied. For clays such velocities

were determined in a laboratory settling tube, however, without specific

examination of the flocculation process.

-15-



A velocity field is assumed consisting of the superposition of

a net drift and a sinusoidal tidal velocity at any angle to the net

drift. Taking into consideration the nonuniform sediment distribution

over the vertical, a technique for the analysis of current data was

developed to provide values of the advection and dispersion factors in

the two-dimensional dispersion equation which is then solved for the

quasi-steady state case. It is further shown that in addition to the

concentrations of suspended sediment as a function of time and space,

deposition patterns on the sea bottom can also be derived.

This work was initiated as a complementary study to the Sea Grant

Project, "The Sea Environment of Massachusetts Bay and Adjacent Waters",

and to the New England Offshore Mining Environmental Study  NOMES-NOAA!

which involved an experimental dredging operation planned in Massachu-

setts Say for the summer of 1974. While the actual dredging operation

has been cancelled, base line measurements were made during the past

year and provided some input for the parameters needed for the applica-

tion of the analytical model to a natural coastal environment.

The relative importance of the various parameters for predictive

purposes is established. Thus field measurements can be planned with

better judgement as to whether certain quantities should be determined

accurately or can be estimated approximately without serious effects on

the ultimate dispersion patterns.



CHAPTER 2

REVIEW] OF PREVIOUS RESEARCH

Z
c h-z a

I: � ]
c h-a s

a
�-1!

where

w
Z s

kgu»

c = the reference concentration at elevation a
a

h the total depth
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There have been quite a number of studies related to the subject

of the present work. Most of these, however, have dealt with only one

aspect of the problem.

The relative vertical distribution of suspended sediment in a

turbulent stream can be stated in analytical form when a suitable

velocity distribution function is introduced into the differential

equation for the equilibrium between turbulent upward transport of

sediment and downward settling due to gravity. The latter relation was

first established by Schmidt �925! to describe the distribution of

dust particles in the air. In the 1930's, Ippen �6! and Rouse �6!

introduced the velocity distribution functions by Krey and Von Karman,

respectively, with identical results. A linear shear distribution for

s steady, two-dimensional flow was also assumed. The well-known solu-

tion is:



w = the settling velocity of the particles
s

k the Von Karman constant

8 = E /c, the ratio of the sediment mass exchange coefficient
Z

to the momentum transfer coefficient

T
u+ = o , the shear velocity

P

the bottom shear stress
o

p = fluid density

Dobbins �! investigated the problem of vertical sediment dis-

tribution in the transient state, and by a separation of variables

technique he obtained a solution as a series expression. He also con-

ducted experiments to verify his results.

Since that time, the parameters appearing in the exponent, Z, of

Equation �-1! have become the subject of research. The Von Karman

constant was found to depend upon the near-bed concentration, while

k ~ 0.4 applies strictly only to clear water. Furthermore, the velocity

distribution changes due to the presence of suspended sediments, as

Ippen pointed out �7!. These changes, however, are significant only

in the case of high sediment concentrations, and therefore are not con-

sidered important to the present work.

Another subject of debate was the coefficient 8, which has been

found to take on values both higher and lower than unity �8!. Never-

theless, for fine sediments most investigators agree on a value of 8

close to l.

-18-



Bc Bc 3 Bc Bc 3 .
2

� + u z! � = �  s � ! + w � + s
Bt 3x 3z z Bz s 3z x 2

3x

�-2!

where e = the turbulent dif fusion coef ficient in the vertical
z

direction

the turbulent diffusion coefficient in the longitudinal

direction which is considered constant

-19�

The greatest difficulties arise in estimates of the proper

values for the settling velocities of the suspended particles. Stoke's

law is adequate for very fine sands, however it is not readily applied

to clay particles because the settling rates of clays are altered by

flocculation. In this process large groups of particles with high

settling rates are formed from collision of smaller ones. Flocculation

takes place to a high degree in the sea environment. Partheniades

�4,25! and Krone �,20! have done extensive work in the field of

deposition of fine clays in estuaries and generally in salt water.

While the mechanism of collision is well understood, the rates of

sedimentation are, in general, far from being quantitatively determined.

Because of the need for some form of quantitative prediction of settling

rates in the present study, it was decided that some laboratory experi-

ments should be performed. Sections 4-4 and 4-5 deal with this problem

of flocculation in more detail.

Recently, Jobson and Sayre, in a series of papers have approached

the problem of dispersion in a uniform open channel flow with turbulent

shear, through a two-dimensional model, i.e. not considering lateral

variations of velocity



u z! = the longitudinal velocity at depth z

w = the fall velocity of the particles
s

Sayre �7! worked on the transient distribution of suspended

solids in the silt range. He used the method of moments to formulate

a finite difference scheme, which provides values for the moments of

the distribution of the suspension. He elaborated on the bottom bound-

ary condition, introducing a bed absorbency factor and an entrainment

factor. He also investigated their effect upon the dispersion process.

Jobson and Sayre �8,19! incorporated these two factors into one

coefficient, called A, which effectively represents the overall proba-

bility that a particle settling to the bed is deposited there. Its

importance was examined, but its value was not determined for any

particular sediment. The two-dimensional equation was simplified for

Bc 3 c
2

the steady state by omitting the term > , and assuming c, 2 as
x ~ 2

negligible. The resulting numerical solution was compared to experi-

mental results. They stated in their conclusions that the fall velocity

is the primary factor for controlling the rate of descent of the sedi-

ment matter; the effect of turbulence on the fall velocity was

negligible compaxed to the effects of grouping due to t' he in!ection

method. The accuracy of the vertical diffusivity  c ! distribution was
z

found not to be particularly important for the determination of the

vertical concentration profiles.

Other researchers, working mainly on the dispersion of pollutants,

tx'ied to estimate the longitudinal dispersion coefficient E , appearing

-20-



in the general one-dimensional dispersion equation as stated by

Harleman �2!:

1 3  Ac! 1 3 � 1 3 dc i e
+ �  AUc! ~ � �  AF. � ! + � +-

A Bt A Bx A Bx L Bx p p
�-3!

A = the  variable! cross-sectional area of the channel

U,c the cross-sectional averages of velocity and concen-

where

tration, respectively

r r
e

source and sink terms
P P

E is the sum of the longitudinal diffusivity and a term accounting for

the velocity variations over the cross section:

c

Bx

I1 I ldA

E = E +
x

a
�-4!

�-5!E< = 10.1 r u�0 *

where r = the radius of the pipe.
o

-21�

where u",c" are the spatial deviations of the velocity and concentration

from theirmean values, U and c, The second term is normally much

greater than the first.

G.I. Taylor first developed in 1954 a theoretical formula for

determining E in a circular pipe, assuming a logarithmic velocity dis-

tribution. His formula was



Elder in 1959  8! carried out a similar computation for steady,

uniform, two-dimensional  i.e. infinitely wide! open channel flow with

a logarithmic velocity distribution and found

EL = 5.9 hu+

where h = the depth of the channel.

Both Taylor and Elder verified their results by tracer experi-

ments. Elder, in addition, pointed out that his formula is valid only

for suspensions of uniform vertical distribution and that a similar

analysis could be done for particles having a non-uniform distribution,

by considering the deviations of the local velocity from the mean-

weighted velocity, rather than from the average velocity. The mean-

weighted velocity is:

U P g!ud 
s

where P <! the probability density function of the position of the

particles, analogous to their vertical distribution.

u the local velocity

non-dimensional depth z/h

Later on, Fischer  9! suggested that in a natural river lateral

vari.ations of velocity are more significant than vertical ones' His

formula for finding the longitudinal dispersion based on the lateral

depth-averaged velocity distribution gives values of at least an order

-22-



of magnitude higher than Taylor's values. Fischer also tried to

estimate the "initial time", T, af ter which the dispersion resulting

from an instantaneous injection is adequately described by models of

the form of Equation �-3!. He defined a time scale for crass-sectional

mixing, T' �, where R is the distance over which diffusion takes

place  e.g. the distance from the point of maximum velocity in the cross

section to the channel boundary! and c the diffusion coefficient in the

corresponding direction. He concluded that for a pollutant initially

uniformly distributed over the cross section, T k 0.4T'.

These studies increased the understanding of the dispersion

process in natural streams, but tQe extension of their conclusions to

estuaries, where the flow includes a periodic component, and, moreover,

to coastal waters is not straightforward.

For estuaries, Harleman �2! proposed that Taylor's basic equa-

tion could be used, modified so as to include the hydraulic radius

instead of the pipe radius and also have an increased coefficient  by a

factor of 2! to account for natural non-uniformities. He suggested

using the average value of the absolute magnitude of the velocity over

the tidal cycle. Nore detailed approaches to the problem of sinusoidal

tidal velocities were made by Holley and Harleman �5! and Holley,

Harleman, and Fischer �4!. In the former it was found that the fluctua-

tions of the dispersion coefficient due to the tide become insignificant

after 1 to 2 tidal cycles following injection. In the latter it was

suggested that tNto dispersion coefficients could be computed, one from

the vertical and one fram the lateral velocity variation and the larger

-2 3-



2with the method of moments to find the variance 0' of the longitudinal
X

distribution. From this the dispersion coefficient could be defined as

Q 2
E x

x 2t �-8!

In periodic flow the coefficient has only half its value for a steady

flow of the same velocity.

Okubo also presented an excellent review of previous work

relative to the horizontal diffusion coefficient in the ocean. He

collected information from numerous experiments and correlated the

diffusion coefficient to a characteristic length scale �2!. The

purely diffusive process, however, does not contribute significantly

to the overall dispersion of sediments and therefore is not of great

significance to the present study.

Lately, three-dimensional models for dispersion problems began

to appear. Wnek and Fochtman �3! combined some of the previous ideas

-24-

should be used in the dispersion equation. It was found that the

"initial time" was approximately T = 0.2T', that is, about half its

value for steady flow. Finally, it was indicated that an order of

magnitude accuracy in the value of the dispersion coefficient was

adequate for modelling continuous in]ections. This conclusion is very

important for the present study, in view of the difficulty involved in

the determination of this coefficient.

Another approach to the dispersion in periodic flow was made by

Okubo �3!, who assumed a linear oscillating velocity profile and worked



to develop a mathematical model for dispersion of pollutants in near-

shore waters; assuming constant dispersion coefficients in all three

directions they found an analytical solution in terms of error functions

for the case of infinitely distant boundaries, which they adjusted for

a finite depth by the method of images. However, they considered only

neutrally buoyant particles. Also, they did not include tidal currents

in the model.

Tetra Tech published a report �1! on the dispersion of radio-

active debris due to an underwater explosion; this was a detailed study

in which a three-layer model was developed to account for the thermo-

cline and the transfer between layers was considered. The vertical

profiles of the ocean currents were examined and a vertical density

gradient was taken into account. The solution of the model was per-

formed numerically by the method of moments and numerous computer plots

of the concentration and other parameters vs. time and space were pre-

sented in the report. In this study, the particles were also assumed to

be neutrally buoyant. Furthermore, the effect of the bottom was can-

Bidered negligible, since the model dealt with deep oceans rather than

coastal areas.

Xn addition to mathematical models, ma!or field studies were

also carried out in some areas, specifically for estimating the hydro-

dynamic characteristics of relevance to dispersion of suspended

particles. For example, current meter and dye studies were made in the

Gulf of Maine  I!. The dispersion coefficient was found to be larger

in the direction of the stronger current, as expected, but the natural

variations of the parameters were too large to establish a reliable

-25-



correlation between dispersion and current magnitudes.

Finally, under the NOMES project itself, a discharge of glass

beads simulating the sediment entrainment due to offshore mining was

performed in June 1973 �1,13!. At that time Hess had developed a

preliminary model for predicting the dispersion of suspended matter �1!.

The amdel was intended to give only rough estimates and thus some

factors such as the tide and the vertical diffusion were not considered.

He used the same dispersion coefficient for all directions as obtained

from a surface dye study combined with aerial photographs taken in the

eusam.r of 1972.

-26-



CHAPTER 3

THE MATHEMATICAL N3DEL

3. l Basic Assu tions

The analytical solution required several assumptions concerning

the geometry of the water body, the velocity field, and the character-

istics of the sediments.

The sediments are assumed to be introduced continuously

into the water body along a uniform vertical line source, at a

constant rate. The sediment is assumed to consist of a number of

grain size groups, each having a certain settling velocity, w
s

These settling velocities are considered to be constant over the

depth. Flocculation of particles in the clay range is taken into

consideration as discussed in Sections 4.4 and 4.5.

The location of the line source is assumed to be far enough

from the shore so that problems due to the land-sea boundaries do

not arise. Amongst these, for example, is the action of breaking

waves. In deeper water the effect of waves is negligible and need

not be considered. Wave action may have some influence on sediment

suspension, but it affects it only indirectly by increasing vertical

diffusion.
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The depth of the body of water is assumed to be constant. If

the resulting movement of sediments does not extend to areas with

significantly different depth, this assumption is !ustified in view

of the great simplification involved.

In the ideal case of a straight shoreline, the velocity field

near the shore would normally consist of a longshore current and some

tidal component normal to the coast. However, since the area of

interest is a considerable distance offshore, this is not necessarily

true. Therefore, for purposes of generality, the tidal and net drift

directions are not assumed as normal to each other. These directions

are not easily determined in any particular coastal region. The

difficulties increase as the geometry of the area becomes more

complicated and field measurements are necessary for the determination

of the prevailing current directions and magnitudes'

The coordinate system is set up with the origin on the bottom

at the position of the vertical line source, the x-axis parallel to

the net drift, the y-axis normal to the drift, and the z-axis

vertical upwards. The flow field is modeled as a one layer system,

that is, no thermocline is considered.

The currents are assumed. as functions of depth, z, only,

and invariable in the horizontal directions. The tidal velocities are,

of course, also functions of tine . Thus, the flow field may be

represerted as follows:

-28-



x-axis:

y-axis:

z-axis

where

assumed sinusoidal

Since many of the assumptions would not apply near the shore, a

detailed shoreline configuration is not essential to the model. For

simplicity, it may be represented by a straight line or a set of

straight lines.

3.2 Structure of the Model

Under the above assumptions, the mass balance equation for

suspended matter is:

� +u � +v � -w � = �  c � !+ �  ~ � !+ �  C � !Bc Bc Bc ac B Bc B ac a Bc
Bt Bx By s Bz Bx x Bx By y By Bz z Bz

�-2!

where w is the particle settling velocity and r , c , c are thes x' y' z

turbulent or eddy diffusivities in the three corresponding directions.

The two horizontal diffusivities are normally independent of x and y

and equal. Therefore, Equation �-2! can be written as:

-29�

u z,t! = u  z! sin u!t + u  z!

v z,t! v  z! sin Mt

w=0

u = net drift velocity
f

u , v the components of the maximum tidal velocity,

�-1.a!

�-1.b!

�-l.c!



ac ac ac ac a c a c a ac
2 2

� +u � +v � -w � E � + E + �  c � ! �-3!at 3» ay s Bz x 2 y 2 3z z 3z
3y

The depth, h, in coastal areas is, in general, much smaller than

the horizontal dimensions, Therefore, vertical equilibrium is

achieved after a relatively short time. In general, this time depends

on the depth and the vertical diffusivity, E, provided that thez'

particles are small. Using the definition of "time scale" for

diffusion T'  g,l4!, it is found to be h /c . This is believed to be

an upper bound for the time to equilibrium, since the settling velocity

acts in addition to the vertical diffusivity. It should be noted that

the diffusion-type modeling of the process does not hold for short

times after the beginning of the in]ection, as already mentioned in

Chapter 2. Also, the model is not expected to be valid in the

immediate vicinity of the sediment source, because the time needed

for vertical equilibrium implies some excursion of the sediment away

from the source, before the model is reliable .

Once vertical equilibrium is established the shape of the

vertical profile does not depend upon the magnitude of concentration

over some range. This assumption is basic to the solution of the

model, for it permits independent treatment of the vertical and

horizontal distributions. In fact, the concentration, c, can be

represented as the product of a depth-averaged function, c, and

a normalized function of depth $:
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c x,y,z,t! = c x,y,t!$ Z;!, C z/h

where

�-4a!

The parameters u, v, c can be written

u U+u"

v ~ V+ v �-5!

c = c + c

2 2

=c +c + �  c � !Bc Bc B Bc
x 2 y 2 Bz z Bz

Bx

�-6!

Averaging over the depth and taking into account

i! the Leibnitz Rule f or dif ferentiation of integrals
h h h

ii! the fact that u" dz = 0, v" dz = 0, c" dz = 0
0 0 0

iii! simplifications such as � c � c ~ 0tr
Bx By

the equation takes the form
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where U, V, c are the depth-averaged values of the velocities and

concentration, and u", v", c" are the spatial deviations about these

average values. Thus, Equation �.3! becomes



W C
3 + U 3 + V 3 l4�! ~�!]
Bt 3x 3y h

E � + E � + � tC ! - F- ! ]Bc Bc c Bd> 3th
X2y22$3$71q3qg0

Bx By
�-7!

r
where

u c'dZ
0

E ~ c +

l h u ttd

0
E ~ E + �-7a,b!

Bc-h-
By

X X
Bc-h-
Bx

are refered to simply as the dispersion coefficients. In the case of

heavy particles, which have more variable concentrations over the

depth, the sm.an transport rates should be used  Elder  8!! rather

than the mean velocities. That is,

h

0 1 
s h hJ0

cdz

0

1
c

u � ds ~ ugdZ
c 0

�-8a!

1

and similarl.y V vied<
s

�-8b!

These weighted velocities, U and V, describe the advective motion
s s

of the centroid of the dispersing suspended matter. They are the

product of the corresponding aran water velocities over the depth

and the coefficient a, as defined by Ippen �7!. It is evident thar.

-32-

The coefficients E and E account for both the turbulent diffusion
x y

and the dispersion due to the non-uniform velocity distribution. They



the physical meaning of the dispersion coefficients given by

Equations �.7a,b! is modified accordingly. Their second term should

account for the velocity deviations about the weighted-mean values,

as def i,ned in Equations �. Sa,b! ~

Equation �. 7! can be further wri t ten

� +U � +V � -EBc Bc Bc B c

sBy xB2
2-

B c
+E � -ac

" By2 �-9!

where

a = � '[y O! � y i!] + � [ ~ � -  ~ ~! !!Bcb Qh

h h2 C aC ~ ~ aC 4-1 �.10a!

or

s~ 1 ~B s 1 ~B
h2 B4<Oh2QB gl
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Equation �.9! has the familiar form of a two-dimensional dispersion

equation, with a representing the decay constant. The meaning of m

can also be understood in view of Equation �.10b! . The first term

represents the rate of loss of material to the bottom, while the

second term expresses the gain of material through the surface.

The latter may be assumed zero. These considerations will be dis-

cussed in Section 4.2 .

The vertical distribution, represented by the normalized

function tj! g!, plays a key role in. the determination of the

horizontal distribution. It not only readily defines the decay rate

0,  Equation 3.9, 3.lO! but also affects the advective terms �.8a and b!

and the dispersion coefficients'



CHAPTER 4

THE VERTICAL CONCENTRATION DISTRIBUTION

4.l The Normalized E uilibrium Distribution

the relatively small value of h /e . Thus, total equilibrium is
2

z

obtained when the horizontal  depth-averaged! concentration distribu-

tion reaches steady state, provided that the time needed for this is

sufficiently larger than h /a
2

z

Because of the relatively short duration of the transition

period, only the equilibrium state of the vertical distribution will

be considered here. The vertical profile of suspended sediments over

the depth, under equilibrium conditions, is described by the Schmidt

equation:

Bc
C � +wc 0

z Bz s
�-1!

Because of the assumption that the shape of the vertical pro-

file does not depend upon the horizontal variations, it is possible to

solve for the vertical distribution first. In fact, this order is

essential, since important parameters for the solution of the horizon-

tal distribution require knowledge of the normalized function 4 �!.

In addition, the main ob]ective of this work is to obtain the quasi-

steady state solution of the entire problem. The distribution over the

vertical dimension will be the first to come to equilibrium because of



~here c = the concentration of suspended matter at depth z

w = the settling velocity of the grain size considered
s

c the vertical mass diffusivity for sediment
z

to settle  w c! and the upward flux of sediments due to diffusion
8

Bc
 c � !. In order to solve for c it is necessary to provide expres-

z 8z

sions for w and c . The latter is a function of z, whereas w can be
s z s

cons ide red cons t an t.

The sediment diffusivity E is related to the turbulent momen-

turn transfer coefficient c by the relation

�-2!

where 9 is close to unity for the very small particles with which the

present work is concerned. The value of e is obtained from the

velocity profile. In the case of a logarithmic velocity distribution

and of the related linear shear distribution in a uniform open channel

flows, the distribution of c over the depth is parabolic. The solu-

tion to the Schmidt equation under the above assumptions is

z
h/z-l

a h/a-I �-3!
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This equation expresses a balance between the tendency of the particles



w w
where Z = � = 2.5 �  for 8 = l, k = 0.4!

s s

gkuq ' uq �-4!

In Equation �-3! a is a reference depth at which the concentration c
a

is supposedly known. The shear velocity, u�, is related to the mean

velocity and the Weisbach-Darcy friction factor, f, by the relation

�-5!

The value of U to be used here should represent a mean current magni-
m

tude regardless of direction. For flat bed conditions the friction

factor may be given an average value close to f + ~0.02, thus u+ ~ ~� U~ l

-36-

The one-layer shear flow with a logarithmic velocity profile

assumed here may be a poor description of coastal currents, especially

during the summer season when a definite thermocline exists. Neverthe-

less, recalling that wave action and density differences have been

neglected in the level of sophistication of this model, the shear

effects become primary factors of transport and dispersion of suspended

matter. Furthermore, the logarithmic velocity profile was adopted in

view of the extensive work done in justifying its application to open-

channel flow and the lack of adequate field information to propose a

different profile. A different assumption about the vertical velocity

profile would lead to a different distribution of e . However the
Z

vertical concentration distribution is not very sensitive to changes in



Kecalling that c c$, Equation � 3! can be written in terms

of g  !

Z

4 Z! = 4 a/h!f~] �-6!

Before proceeding to more details, it should be mentioned that

the Schmidt equation is not valid very close to the bottom. Tt is

fairly well-established that in the lower 4-5X of the total depth, the

concentration is approximately constant, not obeying Equation �-3!

although measurements in that zone are difficult both in the labora-

tory, because of the size of the instruments, and in the field, because

of the interference of the bed-load transport,

In light of this approximation, it is convenient to chose a

reference depth a = 0.05 h which yields the following normalized

-37-

as Jobson has stated �9!. The general procedures shown in thisz'

model can be easily made to comply with any profile that might be found

to prevail in a specific coastal area. Thus, the generality of this

study is not restricted by the velocity profile assumption.

It can be seen from Equation �-3! that the shape of the

vertical profile for a particular grain size  i.e, w ! and certain flow
s

conditions  i.e. u+! is constant, provided that the concentrations are

sufficiently low so that k can be assumed constant  The actual magni-

tude of the profile depends, of course, on the reference value c !.
a

Therefore, the assumption made in Chapter 3 regarding the similarity

of the vertical profiles is ]ustified.



profile:

Z

 <>$� ~ 05![0 1 j for/��05

�-7!

for 4 K 0.05

In most cases the reference concentration c for Equation �-3! has to
a

be determined experimentally. Ho~ever, due to the fact that $�! is a

normalized function, the determination of $�.05! can be performed
1

analytically, by combining �-7! with Equation �-4a!, i..e. $ $ Q!dP
0

1. The resulting value of 4�.05! is

$�.05! �-8!
Z

0.05 + f [ ~ ] d<
0.05

4.2 Bounda Conditions - Determination of the Deca Rate

ln order to determine the decay factor o of the depth-averaged

distribution, it can be seen from Equation � 10! that the values of

the normalized vertical distribution and its derivative must be known

-38-

The integral can be evaluated numerically for several values of Z,

corresponding to different settling velocities. This is done through a

comPuter Program, which then finds $�.05! and the whole vertical

distribution according to Equation �-7!. This program is presented in

Appendix B, as part of the larger program developed for the model and

discussed in Chapter 7.



at the bottom � = 0! and the surface �, = 1!.

From Equation �-7! it is evident that 4 l! = G

Also' =Gat  =1

Thus, 0 = � $�! + �  C .!1

h h2 < d<

In the general case, the bottom boundary condition may be expressed

�8,19! as

dc
+ �-A!w c 0

z dz 8
�-10!at x~0

This can be written

+ �-A!w c ~ 0
dc

h dg 8
or

+ �-A!w $ = 0
h dg S
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The quantity "A" represents the overall probability that a particle

reaching the bottom will stay there and will not be resuspended. It

refers to a time average of the percentage of particles sticking to

the bottom relative to all particles that reach it. In fact, A does

not distinguish between those particles that simply "bounce" off the

bottom and those that remain at the bottom being replaced by other,

newly scoured, particles. It is believed that A is related to the

flow conditions, specifically the mean velocity and bottom shear and

also to the sediment characteristics, particularly the degree of



�  g ! + w $�! Aw $�!1 d*

h 4 dg s 8 a0
�-lla!

By comparison of Equations �-9! and �-lla! it is evident that

Aw $�!

h �-12!

cohesion. The lower the flow velocity or bottom shear, the higher A

is expected to be approaching unity.j

For fine cohesive sediments, some quantitative relations have

been derived. Partheniades �4,25! tried to determine the minimum shear

stress under which all suspended matter is deposited, and the equilib-

rium concentrations of clays in suspension under certain flow conditions.

Einstein and Krone �! conducted experiments with "San Francisco Bay

mud" and found a linear relation between the percentage deposited and

the bottom shear. These results, however, were derived with specific

sediments and experimental techniques and cannot be easily extended.

In general, A is a very uncertain factor to predict and accurate

values have to be determined experimentally for every particular problem.

For the low velocities prevailing in coastal areas, A is expected to be

close to unity. As Jobson and Sayre �9,27! have reported, changes in

A seem to affect the vertical profile only very close to the bottom.

Nevertheless, A is very important for the horizontal distribution.

It is directly related to the decay constant ct. In fact Equation �-11!

may be written:



It must be mentioned that the assumption of constant $ <! in

the interval 0 4 g 4 0.05  Section 4.1! implies d 0 0 which isd4

inconsistent with any value of A other than 1, as it can be readily seen

from Equation �-11!. For A < 1 ~ � < 0 ~ $�! > $�.05!. Itd4
dg g= 0

would be possible to modify this small lower portion of the vertical

profile so that various values of A can be incorporated. The correc-

tion, however, would be insigificant in view of the many uncertainties

involved in the near-bottom concentrations. Hence, Equations �-7! are

considered herein as giving an adequate description of the vertical pro-

file, regardless of the value of A.

4.3 Sediment Settlin Velocities

The settling velocity is the most important sediment character-

istic. It affects directly the vertical distribution  Equation 4-4! and

indirectly the horizontal distribution, mainly through the decay factor

 Equation 4-12!,

In the present work only fine particles are of interest. Their

fineness is essentially associated with their ability to stay in

suspension for a sufficiently long time so that they can travel a reason-

able distance away from the source before being deposited. The terms

"sufficiently" and "reasonable" are of course vague; it remains for the

engineer to estimate appropriate values for every particular prob1em,

based on such factors as depth, magnitude of currents, etc.

In the case of the area of interest in Massachusetts Bay, the

depth is approximately 30 meters. If the particles are required to
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with such small settling velocities are considered to follow Stoke's

law:

dw ~ y-y!
s 18V s w �-13!

where d = the diameter of the particle

g the acceleration of gravity

the kinematic viscosity of the water

Y = the specific weight of the sediment considered

'Y the specific weight of seawater
w

Substituting, g ~ 981 cm/sec 2

2.65 for natural sand and silt,
s

L.025 for a mean temperature of 10 C and a salinity of0
w

33 o/
oo

1.31xlO cm /sec  at 10 C!

the resulting settling velocity is

w 0.68xLO d
4 2

s �-13a!

Therefore, w 0.8 cm/sec corresponds to a particLe size of d

0.0108 cm 108 p. In the present work particles smaller than 100 p

will be considered.

-42-

travel for at least one hour before being deposited, the maximum

sett1ing velocity of interest is of the order of 0.8 cm/sec. Particles



Stoke's law refers to spherical particles of diameter d. Par-

ticles having the same volume and weight but different shapes have

significantly different settling velocities. However the settling

velocity, not the actual shape and size of a particle, is the sediment

characteristic most essential to this study; thus, the particles can be

classified in terms of "equivalent Stoke's diameters".

Following the NIT soil classification, the sediments are divided

into groups of particle sizes and characterized as "very fine sand",

"silt" and "clay" as shown in Table 1. The settling velocities are

computed using Equation �.13a!. The mean velocity of the group will

be used as the representative value for all sediments belonging to it.

The value for the clay group corresponds to d = 1 p. The distribution

of each group can. be examined independently if the interaction between

various groups is assumed negligible �9!. This is true for low con-

centrations.

Table 1. Separation of Fines into Groups
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4,4 Flocculation Characteristics and Effects

While for the sand and silt range the above considerations are

adequate for the determination of the settling rates, the phenomenon

of flocculation does not allow such a simplified approach for the clay

range. Flocculation i.s the process of formation of large aggregates of

particles by the association of many smaller ones. It is due to the

collision of individual particles and to the cohesive and electro-

chemical nature of clay particles in saline water.

Several investigators have tried in the past to present a com-

prehensive description of the flocculation process. It is known that

collision of particles may be caused by three different mechanisms

�0!:

i! Brownian motion, ~which the rate of collision depends on

the temperature

ii! I ocal shear or velocity gradients, in which the rate of

collisions depends on the size of the particles and the magnitude of

the gradient

iii! Differences in settling velocities of particles: Larger

particles settling through a suspension of smaller particles collide

with them at a rate depending on their relative velocities. Commonly,

Browian motion contributes to the initial stages of flocculation, while

the internal shearing dominates the formation of larger aggregates.

It is also known that limiting floe sizes are obtained for certain

shearing rates. The collision rates in all mechanisms are directly

proportional to the concentration of suspended matter.



Despite the good understanding of these mechanisms, there is

very little information concerning the settling rates of floes. The

change of the floe size along with its density during settling and the

breaking of floes in layers of higher shear makes the problem too

complicated. Furthermore, the non-uni form composition of natural clay

suspensions adds to the complexity. It seems that the problem is more

tractable from a "macroscopic" point of view, that is, without trying

to fully understand the process, but by simply studying the effective

settli,ng velocity of the floes. Some field and laboratory experiments

have been carried out for this purpose. Krone �0! from studies in the

Savannah Harbor concludes that the settling velocities of the aggregates

are of the order of 1 cm/sec, varying considerably between ebb and

flood. These aggregates were found to have a specific weight of about

3
1.1 gr/cm . Because of the high settling velocity, most of the sus-

pended matter was deposited during high or low water slack and resus-

pended when the tidal velocities, and therefore the shear stress,

increased during flood or ebb.

4.5 Settlin Tube Ex eriments on Cla Sus ensions

4.5.1 Ex erimental ro ram and rocedures

In order to get an overall quantitative idea of the settling

rates of clay suspensions a laboratory experiment was carried out.

Specifically, the experiment was intended to provide a set of equivalent

settling velocities, without dealing with the detailp of the floccula�

tion process.
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A plexiglass tube, 90 cm high and of 21 cm inner diameter as

shown in Figure 1, was initially filled with a uniform suspension of

clay in seawater and the decrease of concentration over time was

monitored through the extraction of samples by means of valves placed

at 1 5 cm intervals along the tube. The samples were analyzed with

respect to their "turbidity" values, by means of a HACH 2100A turbidi-

meter.

Turbidity measurements were made as an expedient for determining

suspended sediment concentrations as opposed to laborious filtering

procedures. Field samples from the Massachusetts Bay analyzed by both

turbidity and gravimetric techniques provided the opportunity to corre-

late turbidity with concentration of total suspended matter  both

organic and inorganic!. This correlation appears to be linear, as can

be seen in Figure 2, at least in the range of concentrations encountered,

which are generally below 10 mg/jI,. Since the turbidimeter operates by

measuring the scattering of light due to the particles in suspension

it is apparent that not only the concentration but also the composition

and size. distribution of these particles affect the turbidity readings.

Also, the presence of plankton increases the turbidity of the water,

but does not contribute much to the weight of the matter collected on

the filter. Thus, the scattering of the field data is reasonable in

view of the variety of locations and conditions under which the samples

were taken.

In the settling tube experiment kaolinite suspensions were first

used. The material used was "Peerless No, 2 k aolinite" the same as
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n centimeters l
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Figure 1

Sediment Settling Tube
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that used by Partheniades in his experiments in a rotating channel

several years ago. The experiment was repeated with illite and Boston

Harbor mud. The illite was part of a sample of "Boston blue clay"

being used for soil testing in the MIT Soil Mechanics Laboratory. The

Boston Harbor mud was taken from the bottom of the harbor near Spectical

Island. Both samples were oven-dried at 140 F and powdered before being
0

used in the experiment.

In each run a known weight of sediment was added to a known

volume of seawater and the two vigorously mixed so as to achieve a

uniform initial concentration. The initial uniformity was checked by

taking samples at various depths immediately after the suspension was

made. As long as their turbidity readings were approximately the same,

the initial concentration was assumed uniform. These initial samples

were poured back into the settling tube in order to maintain the

original water elevation. A new sample was taken from the mid-depth

and its turbidity was checked to see if it agreed with the average of

the previous samples, It was then used for calibrating the turbidimeter

for the particular suspension under consideration. The background

turbidity was subtracted from all readings. The calibration, made with

dilutions of this initial sample, indicated a good linear relation

between turbidity and concentration in all cases. These calibration

cQrves are presented in Figure 3. The background turbidity of the

seawater used was recorded before adding the sediments; it was general-

ly very low, about 0.2 FLU.
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Turbidias.ter Calibration Curves for Clay Suspensions



During each run samples were taken at certain times at various

depths and their turbidity measured. The number of samples was

limited to minimize the disturbance of the water column and to avoid

drastic changes in the surface elevation. At first, the measurements

indicated a rather rapid decrease in turbidity in all depths, with

higher values always at the lower sample depths. For each set of mea-

surements, after subtracting the background value, the average turbidity

over the depth was computed. Due to the linearity of the turbidity-

concentration relationship, the percent decrease in average turbidity

represents the percent of the initial sediments that had settled below

the bottom valve. The turbidity measurements are presented in Appendix

A. Plots of percentage settled vs. time are shown in Figures 5 and 6.

The percentage of the sedi~ent having an average settling time

between tl and t2 can be estimated graphically by drawing tangents to

the sedimentation curve  drawn in linear scales! at tl and t2 and find-

ing the difference of the percentages wl and w> where these tangents

intersect the ordinate axis �0!. This technique is demonstrated in

Figure 4. The corresponding settling velocity will be between H/t and

H/t , where H is the depth of the water above the lowest valve. If the

times are chosen so that they correspond to the settling velocities

that separate the groups in Table 1, the respective percentages simply

indicate the clay fractions  by weight! that macroscopically behave as

if they belonged to one of these groups.'



T/me ofter eixino

w> - wl percentage of sediments with settling velocities

between H/tl and H/t2 , where H is the total

height of the settling tube.

Figure 4

Technique for Sediment Separation into Groups of
Settling Velocities �0!
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Figure 5 Settling Tube Results for the l0 mg/R
Initial Concentration Runs



4.5.2 Discussion of results

The data plotted inFigures 5 and 6 illustrate a rather consistent

settling behavior with respect to both the type of clay suspension used

and the initial concentration of the suspension. Comparing first the

three types of clay, it can be seen that the percentage of Boston

Harbor mud settled out with time is higher than that of the kaolinite

and of the illite in all cases. This is the result of a high initial

deposition rate of the harbor mud, possibly due to the presence of non-

clay particles with higher settling rates. The illite and kaolinite

agree essentially for the two initial concentrations tested, except

during the shorter settling times in the 10 mg/R initial concentration

I'uns ~

The dependence of the settling on the initial concentration is

more apparent than the dependence on clay type. Plotted on semi-

logarithmic scales, the points for t' he runs with IO mg/R initial con-

centration form reasonably straight lines suggesting a relationship of

the following form:

Z settled ~ a log time}+b

where a and b are constants; a is the slope, while b is the value of

percent settled at a time of one hour. Thus, for example, the follow-

ing relationship follows for Boston Harbor mud:

X settled 27 log time!+30

As can be seen in the plot of Figure 5 this relationship does not hold
P



at values of time less than about 1 hour and obviously at times when

the percent settled comes close to 100.

The runs with 100 mg/k initial concentration clearly show higher

deposition rates. If there were no flocculation, it would be expected

that the curves formed by the data points of a particular type of clay

would coincide, because the settling rates and therefore the percent

deposition with time would be the same regardless of concentration.

However, since flocculation occurs, the percent deposi.tion should be

faster for a higher initial concentration due to the higher number of

collisions.

The results of these experiments seem to be quite consistent in

light of the low degree of scatter in the calibration curves  Figure 3a

and Figure 3b!. The fact that the lines for 10 mg/R and 100 mg/k

initial concentration have almost identical slopes for each particular

clay implies that turbidity measurements are appropriate in principle

for determining sediment concentrations. However, the different slopes

for the different clays mean that some other factors, such as particle

size, affect turbidity also, This fact is important to consider in

making conclusions about settling rates from the experimental data, for

the grain size distribution of the material in suspension continuously

changes during the run. This is because the larger particles settle

first and also because flocculation forms new particles with different

characteristics. This problem may control the reliability in an experi-

ment such as the present one, for it is felt that the experimental

techniques and equipment introduce relatively small error  + 5X!.
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From the technique described in the previous section and illus-

trated in Figure 4, the results in Table 2 were obtained. These results

depend, of course, upon the reliability of this technique and also upon

that of the experiment.

Table 2. Distribution of Cla s Tested into Grou s

In this tabular form it can again be seen that Kaolinite and

Illite behave rather similarly, whi1e 3oston Harbor Mud has higher

settling rates, that is, a higher percentage is settling at the rate

of group 3.



CHAPTER 5

THE HORIZONTAL DISTRIBUTION OF AVERAGE CONCENTRATION

5.1 Solution of the Differential E uation

The distribution of the depth-averaged concentration c x,y,t!

is described by Equation �-9!:

� +  U +U sin vt! � + V sin cot � E � + E � ~ c
3c 3c 3c c 3 c
Bt fs Ts 3x Ts By x 2 y 3 2

3x 3y

t U
x � f  U +U sin <ut!dt x-U  t-r! + �  cos 4t-cos vT!

fs Ts fs  d
T

UT T
x-U  t-t! +  cos 2W � -cos 2' � !

fs 2TT T T
�-2a!

t V T
t ty � f V sin Mtdt = y +  cos K � -cos W � !

Ts 27r T T'c

�-2b !

-Q t-T!
s = c e �-2c!

Equation �-l! is transformed to:
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where Uf , UT , VT represent mean-weighted values over the depth,

taking into account the nonuniform sediment distribution. Following

Harleman's method  l2! > by the change of variables:



�-3!

For an instantaneous injection of mass of dM at time ~, the

resulting distribution of ds is

�-4!

-s t-x!
hence, dc ds e �-4a!

or, using the original variables:

U
Ts t T 2[x U  t-T! + �  cos 2' � cos K ! ]

fs 2rr T T

4E  t-~!
dc dN

4r  t-r! ~E
x y

V T 2
fy + �  cos & � - cos 2R' -!]T

2lr T T
-tL t-r! ]4E  t-~! �-5!

for a continuous in!ection dN mid', and integrating over all values of
yr

38 3 8 8 8
2 2

3e = x a<2 y aq2

g2
~~- 4E «-.!]

ds ~ dM

2

exp - 4E   !]



4E  t-r!
x

4~ t-~! ~E
x y

V T 2

[ y + ~  cos 2% � � cos 2r � ! jTs t 'T

4E  t-v!
u t-v! j dv �-6!

where m = the mass rate of injection of suspended sediments of the

particular group of interest; m. can be written as
i

�-6a!m ~ Vc. Ac
i oi i o

where V = the volume rate of injection of the seawater-sediment

mixture  volume/time!

c = the initial concentration  by mass! of sediments of the
oi

group of interest in the ~ixture injected

c the total initial sediment concentration  by mass! in
0

the mixture injected

c !c, the fraction of the total sediment that belongs
oi o'

to the group of interest.

Equation �-6! may be brought to non-dimensional form for

purposes of generality. Choosing the tidal period T as the character-

istic time and the depth h as the characteristic length scale, the non-

dimensional  primed! variables are defined as follows:
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X
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h

fs h/T ' Ts h/T ' Ts h/T '

E
x

h /T

E
Z' = ~ e' = av

h /T

c
i c

i o

v' 2

[x'-U'  t'-T'! +  cos 2n't'-cos 2rrT'!]
fs 2f

4E ~  tl gt !
XVT

C
err t'-x'!k' E'' x y

yl 2
[y' +  cos 2xt'-cos 2m'! ]

2ll' a' t'-~'!]d~'exp 4E'  t'-r'!

�-2!

The integration cannot be carried out except by numerical

techniques. A computer program to evaluate c' from Equation �-7!

was written and is presented in Appendix C.

The time until convergence to a quasi-steady state, as defined

in Chapter 3, generally depends upon the values of the various param-

eters on the one hand, and the point  x,y! of interest on the other.
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The non-dimensional concentration c' represents the ratio of the depth-

averaged concentration c at  x,y,t! to the initial concentration of the

mixture for a particular group. The new form of Equation �-6! is:



The two most important parameters are the decay rate,  x, and the net

drift. Higher values of Q wi11 cause the solution to converge more

rapidly at all positions. The effect of the net drift, however, is

highly related to the point  x,y! of interest. For points near the

source its magnitude is not very important, but a point far from the

source may not reach steady state for a long time if the net drift is

small. This problem is discussed in Section 7.6, in relation to the

runs made for the conditions found in Massachusetts Hay.

It must be noted that in the above solution the tacit assumption

was made that the shore is not reached by the sediment "cloud", since

no boundaries were considered. If the solution of Equation �-7! shows

that, in fact, no significant concentrations are found near the shore,

then it is perfectly valid. Otherwise a correction can be made by means

of a graphical application of the "method of images". In essence, the

method assumes an imaginary source symmetric to the actual one with

respect to the shoreline. The shoreline in this case has to be approxi-

mated by a straight line, since the correction would otherwise becomes

too complicated. The concentrations dUe to the two sources are added

together. This is graphically equivalent to "folding back" that part

of the profile of c x,y,t! which lies beyond the boundary. It may be

recalled, however, that the model does not satisfactorily represent the

conditions of the near-shore area for various other reasons  Chapter 3!.

5.2 Net Drift and Tidal Velocities

Pith respect to circulation of coastal waters, of interest to

this study are the directions and magnitudes of the tidal velocities
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and any net drift. The latter is probably the most important hydro-

dynamic factor entering into the model, since it determines in the long

run the direction and rate at which most of the sediments will move.

Each area has its own characteristics in terms of geometrical configura-

tion and prevailing meteorological conditions, both of which affect the

general circulation; thus, estimates of the above parameters are

usually difficult. The tidal velocity direction in an area does not

vary much during the year, being approximately normal to the shoreline,

while its amplitude depends primarily on tidal amplitude. By contrast,

the short-term net drift is highly variable with the different seasons.
r

The prevailing direction is usually parallel to the shoreline if wind

is insignificant and the area of interest is not too far from the shore.

The magnitude of the net drift, however, cannot be predicted by any

simple means.

Physical as well as mathematical models are being used for study-

ing circulation in coastal areas. It is beyond the scope of the pre-

sent work to determine the velocity field in detail by using such

methods.

Field measurements in the area of interest can provide valuable

information about currents. There are basically two measuring tech-

niques, current meters and drogues. Current meters give the magnitude

and direction of the currents at certain point's. The method is

directly related to an Eulerian description of the flow field. This

technique is desirable if one is interested in obtaining the flow

history at specific points, for example, at the entrance to a harbor.
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A current meter can be placed at any depth and is generally used for

long-term measurements.

Drogues give the pathlines of water particles. This technique

yields basically a Lagrangian representation of the flow field. A

drogue is a fin or vane of high fluid resistance, suspended at a cer-

tain depth in the water from a flotation device. It has the measuring

flexibility of the current meter in that it operates at different

depths, but obviously the bottom must not be reached at any point along

the drogue path. For this reason, drogues cannot be used to measure

flows very close to the bottom. Because of the nature of the drogue

method, long-term records are not feasible; the drogue must be followed

by a vessel which monitors its position over time. Also, there is no

way of keeping the drogue in a particular area of interest.

In spite of these difficulties, drogue measurements give a very

valuable picture of net flows and circulations in large bodies of water.

In particular with respect to the present study, the drogue movement

simulates the path of a sediment particle in its lateral directions as

long as there are no significant vertical currents. The spreading of

a set of drogues can also provide estimates for the dispersion charac-

teristics of the area. In fact, the results of drogue studies carried

out over the last year in relation to the NOMES project were used to

provide information on currents in the Massachusetts Bay, necessary for

the application of the model in this area  Chapter 7!.

Specifically, since the number of drogues in each study is small,

 three or four!, the movement of a vertical water column was examined
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under the following simplifying assumptions:

1! Between dragues at different depths, the velocity changes

approximately linearly.

2! Between the deepest drogue and the bottom the velocity

follows a portion of a logarithmic curve.

3! Above the shallowest drogue the velocity is constant.

It can be argued that these assumptions do not agree with the

logarithmic velocity profile used in Section 4.1 for the determination

of the vertical diffusion coefficient K and consequently with the
z

normalized vertical distribution $ t:!. En fact, if the velocity pro-

file were really logarithmic, its approximation by linear profiles over

the various portions above the deepest drogue would be quite acceptable.

However, the very limited field data on the vertical profile do not

lead to any conclusion about its true shape. Under these circumstances,

it is felt that the interpolation technique described above yields a

reasonable description of the velocity profile.

The objective of the assumptions stated above is to convert the

velocity profile to an equivalent step-function profile, with the values

of the steps corresponding to the drogue velocities; thus, it is pos-

sible to associate with each drogue a fraction of the water column that

moves on the average with the drogue velocity. Consequently, it is easy

to define the mean movement of the water column at any time interval as

the weighted average of the movements of the drogues at this interval,

where the weights are the fractions of the column associated with every

drogue  Figure 7!.
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The mean net drift over the depth can then be computed by the

mean net movement of the water column over a complete tidal cycle. Any

deviations from this net movement during the tidal cycle are then

attributed to a sinusoidal tidal velocity. The assumption of a sinu-

soidal tide might be questionned. In many coastal areas the tide is

not even symmetrical. Due to river discharge the ebb velocities are

often higher than the flood velocities. However, most of the asymmetry

of the tide can be incorporated into the net drift term. Thus, an

"equivalent" sinusoidal velocity that, combined with the net drift,

would move the drogues in approximately the same way as the natural

currents can be evaluated. Since the interest of this study lies in

the net effects of the current system in a relatively long time scale

and not much in its detailed structure, the above approximation is

acceptable.

Ultimately, the major interest of the study does not lie in the

water velocities but, as indicated in Chapter 3, in the weighted

velocities, taking into account the distribution of suspended sediments

over the vertical. These velocities enter into the model as the advec-

tive terms of the dispersion Equation �-1! for any particular group of

sediments. Their estimate is quite straightforward based on the

previous considerations. The drogue records can be used in the same

way, the only difference being in the relative weights that each drogue

is associated with. They will not depend only on the fractions of the

water column as before, but rather on the areas of the normalized

vertical concentration profile lying in these fractions  Figure 7!.
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Clearly, the weight on a drogue will be different for different sediment

groups

All these computations can be organized and performed through a

computer program, which will be discussed in more detail in Chapter 7.

This program is extended to provide estimates of the dispersion coeffi-

cient as will be seen in Section 5.3.

5. 3 Dis ersion Coefficients

sum of two terms:

a! A horizontal turbulent diffusivity e, due to large scale

eddy motions.

b! A purely dispersive term Ed, due to velocity variations over

the depth.

The value of the first at the sea surface can be predicted quite relia-

bly by Okubo's empirical formula �2!.

c = 0,01 9.  in cm, sec units!
1. 15 �-8!

where R a characteristic length scale, initially defined as three times
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Dispersion is the most difficult parameter to estimate. Values

reported in the literature, mainly from one-dimensional studies, differ

by as much as two orders of magnitude. Fortunately enough, the solution

of dispersion equations for continuous input is not too sensitive to

changes in the magnitude of this coefficient, as already indicated in

Chapter 2.

It may be recalled that the dispersion coefficient is in fact a



the standard deviation of the concentration distribution along the axis

of interest. The length scale is actually a characteristic of the

region. It is not known what its relation is  if any! to the geometri-

cal characteristics of the area considered, such as the depth h or the

distance from the shore. It is conceivable, however, that the length

scale should have a relation to the maximum size of eddies that can be

developed around the source. Por Lake Erie, Pochtman and Wack �3!

report a value of I = 800 ft. for a depth of h = 27 ft., indicating a

relation R = 30 h. With specific information about the area of interest

lacking a value of 30 to 50 h may be used for the determination of C.

Pochtman and Wnek further claim a slight linear decrease of c with

depth; the average value over the depth should be used in the model.

However, the accuracy of the estimate of c is not critical because its

magnitude is normally much smaller than the dispersive term E

This term can be derived from one-dimensional considerations,

since the velocity field is assumed the same in all  x,y! positions.

Thus, lateral variations do not exist and a value of Ed due to velocity

variations over the vertical is appropriate. Its general form is:

where h = the depth

u+ the shear velocity

a constant of proportionality

Values for A that have been reported range from as low as 6  Elder! to



It is therefore evident that Ed is not the same in all horizontal

directions but depends on the mean velocity along each axis. In fact,

Equation �-9! and Equation �-10! indicate that E is proportional to
d

the mean velocity  averaged over the tidal cycle! in a certain direc-

tion, provided. that f can be considered constant throughout. For

flat bed conditions it may be assumed that f = 0.02 hence u = � U.1
* 20

Okubo �3! found that for an oscillating linear velocity profile

the dispersion term is

V h
max

E
1

d,o 240 �-11!

where V = the velocity amplitude at the surface
max

the vertical diffusivity, assumed constant
z

as high as 500  Glover!. Taylor's formula �-5!, modified for open

channels, yields X 20. These lower values, derived from theoretical

assumptions and tested for ideal flow conditions, represent a lower

limit of the actual value of the di.spersion coefficient, which is

usually higher by an order of magnitude. Harleman's suggestion for

doubling Taylor's coefficient to account for natural nonuniformities

gives A 40. With respect to u�, an average value over the tidal cycle

seems appropriate. The shear velocity is related to the mean velocity

and the friction factor by the expression:



He also found that for a steady current having a linear profile with a

value at the surface equal to V
max

V h
E

1

d,s 120

Since the mean velocity over the depth is half the value at the surface

due to the linearity of the profile

 u ! � P � V � V  for f = 0.02!
1 ~f 1
2 8 max 40 max

and for a sinusoidal oscillation

 u! ~ � � V ~ � V2 1 1
* max 7I' 40 max 63 max

Also, 6 can be taken equal to the mean value of E over the depth:
Z Z

0.067 hu». Substituting in Equation �-11!

1 asz 1 ~63V h 2

Ed,o 240 0.067 hu 240 0.067 * u*

Similarly, for a steady current

�-12a!Ed 200 hu»d,s
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The estimates of the dispersion coefficients by these formulas

are an order of magnitude higher than Taylor's predictions. They are

probably overestimating the true values since a linear profile presents



E = a /2t2 �-13!

If the variance increases linearly with time, then E is constant. In

reality, however, this is rarely the case. One of the reasons is that

mast experiments have dealt with instantaneous injections. Thus, the

dispersion is expected to increase with the size of the dye patch, at

least due to the diffusion term c  Equation 5-8!. The dispersion term

E is supposedly constant  Equation 5-9!. In fact, though, there is no

way to have both constant velocity and constant dispersion. If the

2
velocity is constant, the variance i.s increasing in proportion to t

and not to t. Fluctuations of the dispersion due to tidal variations
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more severe velocity variations over the depth than a logarithmic pro-

file, which was previously considered  Section 5-2! close to reality.

It is proposed herein that, in case of lack of information concerning

the area of interest, a value for g a little higher than Harleman's,

in the range 40 to 80, may be used.

It is generally desirable to obtain some field information on

the dispersion characteristics of a specific coastal area in order to

model it more realistically. Measurements of the horizontal dispersion

coefficient can be made by monitoring the distribution over time of

some tracer injected at a point. The basic idea of the experimental

measurement lies in the fact that the variance of the distribution and

the dispersion coefficient along an axis are related by the following

equation, assuming that the distribution of the tracer is approximately

Gaussian:



make the problem of estimating a reasonable "average" coefficient even

more complicated. In the case af a continuous injection, however, the

effective dispersion coefficient applicable to the whale area af interest

is expected ta be much mare stable in terms of both tidal and real time.

It is worth noting that almost all previous experiments in the

sea were carried out on the surface layer. Dye was the most common

tracer used  Rhodamine B or WT!. Thus, the values of the dispersion

reported for various areas refer only to the diffusion term c and more

specifically to its value at the surface layer. Dispersion due to

velocity variations over the depth could not be measured by this tech-

nique. Such measurements would require a uniform injection of dye over

the depth and an exactly neutrally buoyant dye solution. The second

requirement makes the application of dye techniques extremely difficult,

if not impassible, in view of the slightly variable seawater density

aver the depth. The difficulties increase even more when it is desired

ta estimate dispersion of matter distributed nonuniformly over the depth.

In fact, mast of the past work on dispersion coefficients was

initiated in relation to the dispersion of pollutants, which are mare

or less neutrally buoyant and hence have a uniform concentration over

the depth if injected from a verticaI line source. Not much information

exists an dispersion of particles having variable concentration over

the depth, such as suspended sediments. For very fine sediments some

approximation can be made by using the values given for uniform concen-

trations.

-72-



I'he drogues, which give values of the velocities encountered in

the area, can also provide valuable, although not very accurate, infor-

mation concerning dispersion characteristics. The basic requirement is

that all drogues must be deployed at the same point and at the same

time  at least approximately!, but at different depths. The variance

of their positions over time must subsequently be monitored. Since they

always stay at the same depths, the variance of their positions depends

on the velocity variations over the depth. The larger the number of

drogues, the more accurate the estimate of the variance and therefore

of the dispersion coefficient according to Equation �-13! ~

In order to properly calculate the variance, the drogue positions

must be appropriately weighted. The weight placed on a drogue will

depend on the sediment group considered and can be found as indicated

in Figure 7. The same program that computes the advective velocities

can be extended to calculate the  weighted! variance of the drogues

around the  weighted! mean position at various times and consequently,

from Equation �-13!, the values of the dispersion coefficient at every

time interval. An average valve of the dispersion coefficient over a

tidal cycle can therefore be calculated and used in Equation �-1!. It

is evident from the above discussion that the value obtained through

the drogues variance refers to the total dispersion coefficient E =

F+Ed. Details of the computational procedures are presented in

Chapter 7, in relation to the application of the madel to the Massachu-

setts Bay.



CHAPTER 6

SYNTHESIS OF THE MODEL COMPONENTS

6.1 Concentration Distribution of a Grou of Sediments

A group of sediments is characterized by its average settling

velocity, as indicated ia Table 1  Section 4.3! ~ For such a group

the normalized vertical distribution is first computed according to

Equation �.7! . This distributioa provides the necessary information

for calculating the parameters of the differential equation �.1! of

the horizontal distribution, specifically the value of the decay

factor a, through Equation �.12! . Combined with drogue measurements

it also specifies appropriate values for the advective velocities

and dispersion coefficients as indicated in Sections 5.2 and 5.3.

The solution of the expression �.7! for the horizontal distribution

of concentrations can thea be evaluated numerically. The concentra-

tioa of suspended sediments for this particular group as a function

of space and tim is finally obtaiaed by the relation:

c x,y,z,t! c x,y,t! $  g!

according to the basic model assumptioa.

It should be obvious that, siace c x,y,t! refers to a quasi-

steady state solution, Equation �.1! for the determination of c is

strictly applicable for times after the convergence of the solution

for c. The solution is also aot applicable for spatial coordinates

very close to the shore, as indicated in Chapter 3.
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If the numerical integration of the expression for c is carried

out for times shorter than required for convergence to steady state,

an approximation of the transient behavior of c, and subsequent'ly

of c x,y,z,t!, can be obtained. However, the results will be unreliable

for tiaes shorter than that necessary for vertical equilibrium, which

has an upper bound of the order of T h /c; for example, typical1 2

values in the area of interest in Mass Bay are

h 30m

u� = 0,5 cm/sec

2c ~ 0.067 hu+ 0.067 x 30 x 0.005 0.01 m /sec
z

hence, T' ~ 90,000 sec.
30

0.01

This time is approximately two tidal cycles. Hence, this is

the maximum tiue span after which reasonable transient results can be

obtained.

With respect to the prediction of the concentration dis-

tribution after the end of the injection, the model can give

approximate answers as long as vertical equilibrium continues to hold .

Equation �.1! is still applicable, but now the depth-averaged

concentration is calculated with the integral of Equation �.7!

subject to the upper limit of the time of the end of the injection.
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6.2 Total Sediment Concentration

In general, the suspended sediments introduced into the sea-

water have various sizes and settling velocities. For the purpose of

this analysis, however, they can be classified into several discrete

groups, for example into those indicated in Table l  Sec. 4.3!.

The percentage of each group forming the total sediment introduced is

supposedly known, or can be found by measureamnts of settling velocities.

These group percentages are determined in terms of settling velocities

rather than of individual grain sizes. Thus, the increased settling

rate of the clay fraction due to flocculation can be accounted for by

including percentages of the clay material in the higher settling

velocity groups. The settling tube experiments  Section 4.5! make

it possible to obtain values for the assignmsnt of the clay function

to the other groups. These values will vary with such factors as

the type of clay and the initial concentration of sediment.

For each group, the concentration c x,y,z,t! can be found

by the model, as summarized in Section 6.1. Under the assumption

that the distribution of particles of a group is independent of the

presence of particles of another group, the total concentration of

suspended sedismnts can be found as a weighted sum of the individual

group concentrations at any point  x,y,z,t! . The weights for this

calculation are defined by the composition of the mixture introduced.
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It may be noted that, even if the ideal conditions assumed

in the model actually exist, an instantaneous measurement of suspended

sediment concentration at some point cannot be expected to agree with

the above calculated c x,y,z,t!. Due to random turbulent fluctuations

in velocity and concentration, the solution is considered to represent

an average value of c x,y,z,t! over soIM period of time At.

6.3 Rate of De osition

The amount of sediments deposited at the bottom is quite

important from the point of view of ecological balance.

The concentration near the bottom is at any time equal to

c x,y,o,t! = $ o! c  x,y,t!

D=Aw g o! c  xy t! �-2!

in units of mass/time x area, provided the sediment concentration c

is expressed in mass per unit volume as a function of location and

time. The spatial integration of D for any group over all x, y

values should equal the rate of injection of sediment of this group,

i.e.,

f J D d. dy = A Vc
all x,y

�-3!
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and the rate at which the particles reach the bottom is w $ o! c  x,y,t!.
8

Recalling that A is the overall probability that a particle

settling to the bottom stays there, the rate at which particles of

a certain group are deposited at the bottom follows as:



It is conceptually simple to find the amount of sediment

deposited between times tl and t> at a particular point  x,y!, more

specifically in a unit area about a point. It can be computed as:

c  x,y,t! dt
tl

�-4!

Aw $ o! c  x,y, t! dt Aw $ o!
tl

provided that steady state has been reached before t

The thickness of the layer of sediment deposited is

I u<a
a �-5!

where p is the effective density of the material, considering it
e

to be loosely deposited, that is,

where p is the sediment density

p is the density of seawater

It is evident that the amount deposited should be calculated

for each group separately and then added together to obtain the

total deposition.

The computation of the ~unt deposited requires a further

numerical integration. It can be approximated by multiplying the

average steady state deposition rate, 9 x,y!, by the duration of

dredging. This D can be obtained to the desired accuracy by averaging



the values of D for various tidal stages at a particular point.

This technique is only applicable in the case of dredging of long

duration, implying that the steady-state phase lasts much longer

than the transient phase.
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CHAPTER 7

APPLICATION OF DREDGING IN MASSACHUSETTS BAY

7.1 General Comments on the Pro ect NOMES

In l972, the National Oceanographic and Atmospheric

Administration  NOAA! launched a three-year project to study the

environmental effects of offshore mining for sand and gravel in the

Massachusetts Bay as Proj ect NOSES  Hew England Of f shore Mining

Environmental Study!. Various physical, chemical and biological

parameters were to be monitored before, during and after the dredging

operation which was scheduled for the susmer of 1974. An extensive

data base was to be provided to develop mathematical models for the

prediction of the environmental impact of future dredging operations

snd for the development of legal regulations of such activities.

The inability to find an economical use for the large amount

of dredged material led to the termination of the project in the

summer of 1973, after some baseline studies had been conducted.

This model was developed at M.I.T. under the belief that the

experimental dredging would provide an excellent opportunity to study

the dispersion of fine suspended sediments which are inevitable by-

products of such operational' The model efforts were continued

after the termination of the project in view of the data already

obtained and of the importance of such predictive capacilities

for the coastal zone.



As one of the activities of the HOMES project, an extensive

dispertion experiment was carried out by NOAA's Environmental

Research Laboratory in collaboration with several other institutions

in June 1973, just prior to the termination of the project. A large

quantity of small glass beads and sphalerite particles was dumped at

the proposed dredging site and the concentrations of both were monitored

for ll days at various locations in the Mass Bay �1, 13!. The

injection of the particles was almost instantaneous and near the sea

surface. However, the results of the experiment should be useful

at least for a qualitative comparison with the model predictions.

Current observations by drogues were conducted by M.I.T.

during this experiment as well as earlier in the past year and

provided the hydrodynamic parameters for the application of the

dispersion model.

In this chapter the procedures for the collection snd analysis

of these data are given and the validity of the model as applied to

the Massachusetts Bay is discussed.

7.2 The Sediment Source

The NOMES operation was scheduled to run for a period of six

weeks with a hopper dredge having a capacity of 10-15 thousand cubic

yards of sediment, to be collected in 1 1/2 to 3 hours �!. An

estimated 5X of the sediments would consist of fines less than 100'

in diameter. While the sediment is pumped into the dredge, the fines

are discharged back into the sea as overflow with the seawater.
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It was estimated that between successive dredging periods, 6 8 non-

working hours would be required by the dredge for the roundtrip to

the dumping site at a desired location. With 15,000 yd of sand3

and gravel dredged in 1 1/2 hours, the amount of fines introduced is'.

0.05 x 15 000 500 d3/h
�-la!

or

500 x �.91! 3 3
3

m /sec = O.l m /sec

Despite the fact that the operation is intermittent, the long

duration of the dredging � weeks! relative to non-working intervale

permits to approximate the steady state actually reached as one of

an "equivalent" continuous injection. With the working times of 1 1/2

hours and the intervals in between of 6-8 hours, the equivalent

continuous injection of fines would result in a rate of discharge

of about 20X of that calculated in �.1! or

0.02 m fines/sec
3

This is not necessarily valid if the working hours coincide always

with the same parts of the tidal cycle. However, it is reasonable to

assume here that the working hours occur more or less during different

parts of the tidal period.

The volume rate defined above refers to actual volume of

fines. If the material were in a compact state its density would

approach 2.65 gr/cm . Since in this case the material is loose, it3

is assumed herein that the concentration of the volume injected is



approximately 1 gr/cm or 10 mg/k.
3 6

The dredge si.te was to be located at latitude 42'21' North

and longitude 70'49' West, as shown in the chart, Figure 8, and has

an area of about 0.8 by 0.5 nautical miles ~ For the application of

the model, the source is assumed to be located at the center of this

area. It is also assumed that there is enough mixing caused by the

nature of the injection to consider it as a uniform line source.

The bottom depth is assumed constant and equal to its value

at the dredging site, i.e., 30 meters. The complex shoreline can be

approximated by a set of straight lines, as also shown in Figure 8.

This configuration makes it possible to deal with cases in which the

sediment "cloud" reaches the shore, as discussed in Section 5.l.

7.3 Co osition of the Initial Mixture

As indicated in Chapter 3, the application of the model calls

for a separation of the fine sediment discharged into several groups,

each characterized by its average settling velocity. The separation

displayed in Table l will be followed.

Grain size distribution data for the fines of the dredging

area are essential. In the case of Mass Bay, about 70 core samples

have been obtained from various locations and depths. Grain size

distributions of the fines have been obtained through hydrometer

analyses at the University af New Hampshire �2!. The samples

indicated a very consistent composition in the range below 60',

primarily containing inorganic clay of low plasticity and inorganic silt.
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sample composition:

fine sand

coarse silt

medium silt

60' < d < 100'

20' < d < 60'

6p < d < 20'

2p < d < 6p

d<2p

10X

13%

14X

13Xfint silt

50Xclay

However, the grain size of the particle is not the most important

quantity for the model ~ The critical factor is the settling

velocity, w , which ia indeed a function of grain size, but which
8

ia also influenced by other factors, such as shape, surface; and

state of flocculation. Because the clay fraction of the fines is

most affected by flocculation, a number of settling tube experiments

on various clays were performed  Section 4.5!. According to the

results, the clay fraction can be distributed into different settling

groups. A settling tube experiment with material from the bottom of

the dredging site had been planned, but the termination of the

project did not allow the necessary sampling. Based on the results
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The specific gravity of the samples ranged from 2.30 to 2.90, averaging

2. 60 � 2. 65. This value f or specif ic gravity indicates that

Equation �.13a!, from which the settling velocities in Table 1 were

derived, is valid'

The results of the UNH studies were presented in the form of

classical grain size distribution curves. In terms of the 5 groups

presented in Table 1, these curves yielded the following average



w ~ 0.68 x 10
8

w 1.36 x 10
8

w 1.43 x 10
8

35Z

40X

25Z

The results of the 10 mg/R initial concentrations were used instead

of the lOO mg/I, because Che former is more representative of

the concentrations possibly predominating about the source due to

the injection rate calculated in Section 7.2.

Incorporating these results with the data obtained by UNH,

the resulting distribution into groups was computed and is shown in

Table 3 ~

Table 3! Co osition of Dred in Fines in Terms of Settlin Velocit

-86-

of the runs with other fine materials with 10 mg/k initial concentra-

tion, as was shown in Table 2  Section 4.5.2!, it may be assumed that

the clay fraction contributes to the following groups, in terms of

settling rates:



7.4 Back round Concentrations of Suspended Sediment

Because of the nature of the mathematical model, a non-zero

value of concentration, c, will be obtained at all spatial positions.

Of course, very small values will be overshadowed by the "ambient"

sediment concentrations existing under natural conditions. Thus,

background data are needed to determine the extent of the dredging

impact. Any position with a concentration increase of at least the

same order of magnitude as the ambient can be considered "affected"

by the dredging.

Beginning in January 1973 suspended sediment measurements

were taken in Massachusetts Bay under the NOMES prospect. Samples

were analyzed through filtering techniques and through light

scattering by means of the turbidimeter described in Section 4.5.

The correlation of turbidity with sediment concentrations appears

rather encouraging, at least for the low concentrations encountered

in the Bay, as was seen in Figure 2. Details of the procedures of

monitoring turbidity and suspended sediments are given by Frankel

and Pearce �0!.

The measurements indicate an average suspended load in the

Bay of about 1 mgjk. This includes both organic and inorganic

matter. Consequently, the areas of actual dredging impact are those

for which the concentration increase is of the order of this value.

The dredging effect can be considered minor in areas with a much

smaller amount of concentration increase. In addition, the effects
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of the shoreline, as discussed in Section 5.1, need not be

considered if the concentrations obtained by the model are very small

near the shore .

7.5 Determination of Parameters from Dro e Data

As was explained in Chapter 5, current measurements are

extremely important to the model. With respect to the application of

the model in the Massachusetts Bay the only suitable field data were

obtained through three drogue studies carried out in the first part

of 1973. The type of drogue used is shown in Figure 9. During each

of these studies three or four drogues were deployed at various

depths at approximately the same point. They were then tracked for

at least a full tidal cycle, their positions being recorded approximate-

ly every hour. These data made it possible to obtain values of the net

drift, of the tidal velocities, of the dispersion coefficients along

with some information on the velocity variations over the depth.

The pathlines of the drogues in these studies are given in Figures

10, ll and 12. A full account of the smthode and instrumentation

used can be found in a report by the authors �! ~

A computer program has been developed to carry out the

evaluation of the model paraaaters from the drogue data and the actual

computations of the model. The procedure is divided essentially

into two parts. First, the drogue and sediment data are used to solve

the vertical concentration distribution, to obtain average net drift

and tidal velocities, and to compute the decay rate and dispersion
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1. Input drogue data and sediment settling velocities

2. Rearrange drogue posi tions in constant time increments

13. Ob tain new we igh ts

3. Compute weights f or neutral lv bouyan t case

4. Translate initial drogue positions to �,0!

5. Compute mean-weighted drogue
positions with time

10. CONVRT: f ind average dispersions
and components of tidal velocity

I 8 time

ll. USTA: calculate shear velocity

12. PROFIL: f ind vertical concentration

distribution for next group

Figure l3

Flow Chert of Model Procedures

other-
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coefficients. In the second part, this information is used to solve

the horizontal dispersion equation �.7! . The first part procedure is

outlined in Figure 13 and described step by step below. The FORTRAN

source program is listed in Appendix B.

l. The first step is the input of the drogue and sediment data

along with other necessary information. For each drogue, a series

of positions and times is given denoting the drogue path. The drogue

depth and the sean depth of the bottom over the drogue path is also

required.

The only sediment data needed. are the settling velocities for

each of the 5 different groups of particles shown in Table 3, with

the initial concentratioro of each group.

Other additional information includes values for the analysis

starting time and the time increment to be used in Step 2, a depth

increment for the integration of the vertical sediment distribution

 Step 12!, and a value for Von Rarman's universal constant, k.

2. The drogue data are adjusted next so that a specified time

interval exists between drogue positions. This requires interpolation

between the actual drogue positions, which should not introduce any

significant error since there are enough actual data points in the 3

drogue studies being analyzed. The results of this operation yield a

table of simultaneous drogue positions, North and East, with the

corresponding times evenly spaced.
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The weights attributed to the drogues are computed by the

technique described in Section 5.2.

4. The drogue paths are all translated in space so that each

drogue starts at position �,0!. This step simplifies the velocity

and the dispersion calculations. It does not introduce significant

error, since the initial positions of the drogues are close together

in all cases.

5. The man drogue positions at different. times are calculated.

 The need for the simultaneous drogue positions as computed in

step 2 is now clear!. The drogue positions for each time are not

simply averaged, they are averaged with respect to the weighting

factors computed in Step 3 or Step 13. From these, the naan-weighted

velocities are calculated.

6. The Subroutine TIDVEL computes the tidal and net drift veloci-

ties. The procedure begins by selecting the drogue record covering

one full tidal cycle  see Figure 14!. The distance the drogue travels

in this period divided by the tidal time, 12.4 hours, is denoted the

net drift velocity; the direction of travel is the net drift direction.

The remaining deviation about this net drift is considered to be due

to the tidal current. The maximum deviation to the left and to the

right of the net drift is calculated. Both distance and direction

for these maxima are recorded. The difference between these two

vectors is the total movement due to the tide, 2R .  see Figure 14!.



drogue pathline for/
one tidal cycle

on

tidal

direction

max. tidal velocity 2vfgy/T

Figure 14

Technique for Determining Magnitude and Direction
of Tidal Velocities
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An equivalent sinusoidal tide, that is, one which causes

the same total movement, should have a maximum velocity given by

the formula:

2k 2'
/U' ~ 2 - -" � '-

T T 2 T/2 T �-3!

h o !
2 ht! �-4!

2
where 0 is the variance

t is the time

From this it can be seen that the dispersion may be a function of

time. It has been generally found that the dispersion increases

slightly with time. This is probably due to the fact that aa the

drogues spread, they may enter zones of different eddy motions,

-96-

The direction of the equivalent tide is also given by the direction

of the vector 2'.

1. The coordinate system is now rotated so the new x-axis is

in the direction of the net drift.

8. The variances of the weighted drogue positions at times found

in Step 2 are now calculated for both the x and y axes.  Due to the

previous rotation, these variances are in the direction of the

net drift and normal to the net drift!.

9. From these two series of variances, the dispersions in the x and

y directions are found. The formula for the determination of

dispersion from the variance is



characterized by different length scales ~ Thus, their motion is

more sub!ect to random influences as they spread further apart.

However, as mentioned, constant dispersion coefficients from

averages over a tidal cycle will be used. in this study.

lp. In subroutine GONVRT, the average dispersion coefficients over

the selected tidal cycle are calculated. Also, the components of

the tidal velocity along the net drift and. normal to the net drift

are found.

11. In subroutine USTA the shear velocity, u�, is found from:

jF~ � �-5!

where f is the roughness coefficient

U is the magni.tude of the mean water velocity

-9 7-

A value of the roughness coefficient, f, equal to 0.02 was used.

This value is appropriate as a mean value for flat bed conditions.

It should be noted that the water velocity used includes both the

tidal and the net drift components of the current. In other words,

the total length of the path line of the mean drogue positions over

one tidal cycle divided by the tidal time constitutes the magnitude

of U

Up to this point, the procedure deals with purely hydrodynamic

characteristics, the main purpose being to define an appropriate value

of u� for the determination of the normalized vertical sediment

distribution.



12. The integration of Equation �.8! is performed in subroutine

PROFIL, to yield the solution of Che normalized suspended sediment

distribution in the vertical direction, $ <!, for a particular

settling velocity w
8

13. In subroutine WEIGHT the normalized sediment' distribution,

f <!, found in Step 12, is used to compute the weights for the drogues,
based on the vertical spacing of the drogues, in addition to the values

of g g! at the drogue depths ~ The complete computation technique was

discussed in Section 5.2. For this new set of weights the procedure

is repeated beginning with Step S but with the exception of Step 11.

Instead of the mean water drift and tidal velocities, the respective

nman transport rates for a certain group of sediments  identified by

its settling velocity! are now calculated. Simi1arly, instead of the

dispersion coefficients of the water body, the effective dispersions,

appropriate for the various sediment groups, are found.

It may be noted that the coordinate system for each sediment

group will be slightly different due to the different values of the

drift direction obtained for each case. This is reasonable in

view of the directional differences for the drogues at various

depths and of the "heavier" particles being dominated by the velocities

at lower depths. However, the "lighter" particles, being distributed

more evenly over the depth, will be affected by the velocities at

all depths. The values of the parameters obtained from the data of

the three field trips are presented in Tables 4, 5, and 6.



Table 4

ParauM ters for Conditions of Februar 21-22 1973

Mean depth h - 25m Shear Velocity u�0.533 cm/sec

Dimensional parameters Grp 5

8.24

10. 10

6. 36

7.84

2
10

cm /sec

2
10

cm /sec

0.83 0.78 0.781. 85 l. 18Dispersion along drift axis, E
x

Dispersion normal to drift axis,
E

0.008 0.20 0.25 0.24 0.24

10

cm /sec
horizontal dispersion,

0.46 0.43 0.430.12 0.48

f rom

E
Drift direction -65 -66 -66-60-55

f romTidal direction
-14 -14 -15 -15 -15

4641 50 51Angle betveen drift and tide 51degrees

Dimensionless parsze.ters

Net drift magnitude, Uf T/h
fs

Max tidal velocity,   +V !T/h
2 2

Ts Ts
184

Max tide along drift axis, U T/h
Ts

116

Max tide normal to drift axis, VT T/h
Ts

2
Dispersion along drift axis, E T/h

X
2

Dispersion normal to drift. axis, E T/h

144

570

175

0.001Decay factor, aT

Values for the parameters of the vater itself are identical to those
of group 5
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Net drift magnitude, U
fs

2 2
Max tidal velocity, +V

Ts Ts
Max tide along drift axis, UT

Ts

Max tide normal to drift axis,
V

Units

cm sec

cm/sec

cm/sec

cm/sec

Grp 1 Grp 2

5.28 6.82

9.62 10.52

7.26 7.34

6.30 7.52

96 125

166 192

132 134

116 138

870 860

6 150

101 '10.1

Grp 3 Grp 4

8.10 8.24

10.16 10.10

6.48 6.36

7.84 7.84

148 151

184 184

118 116

144 144

610 575

182 175

0.32 0.025



Table 5

Parameters for Conditions of March 28-29 1973

Mean depth h 30m Shear Velocity ue ~ 0.479 sec
Dimensional arameters

2105
cm /sec

Dispersion along drift axis, E
x

3 ~ 24 1.74 1.57 1.55

210 0. 0015

cm /sec

Dispersion normal to drift axis
E 0.036 0. 14 0.15 0.15

Av 210 0,0585

cm /sec

horizental dispersion
0.34 0.49 0.48 0.48

fromDrift direction
-40 -39 -37 -37 -37

from

E

Tidal direction
18 21 29 30 30

67 67degrees 58 60 66Angle between drift and tide

Dismnsionless parameters

Net drift magnitude, Uf T/h
fs

43 99 134

Max tidal velocity,   T !T/h
TH Ts

Max tide along drift axis, UT T/h
Ts

86

42 40

Max tide normal to drift axis, V T/h

2Dispersion along drift axis, E T/h
x

2
Dispersion normal to drift axis, E T/h

y

36 88

1680 1640 880

18 70

87 9.3 0.27Deca f actor aT

Values for the paraxeters of the water itself are identical to those
of group 5

Net drift magnitude, U
fs

Max tidal velocity, +V
2 2

Ts Ts
Max tide along drift axis, U

Ts

Max tide normal to drift axis,
VT

Units G 1

cm/sec 2.83

cm/sec 2. 14

cm/sec 1. 44

cm/sec 2.32

G 2 G 3

6.53 8. 83

5.66 6.36

2.76 2.56

4.94 5 ~ 84

G 4 G 5

9.05 9.07

6.38 6. 38

2.46 2.44

5.88 5.88

137 138

96 96

38 38

90 90

790 185

76 77

0 ' 021 0 F 001



Table 6

Parsss'.ters for Conditions of June 11-12 1973

Mean depth h = 35m Shear Velocity u�0 ~ 433 cm sec

Dimensional parameters Grp 3 Grp Gzp 5

6.80 7.06

6.38 6.48

6.16 6.16

1.70 2.02

7.09

6.50

6.18

2.06

�
cm /sec

10

cm /sec

1.27 1.50 1.41 1.34 0.94

0.84 0,93 0.940.002 0. 22Dispersion normal to drif t axis
E

10

cm2/sec
horizontal dispersion,Ave

1.121.09 1 ~ 120.050 0.57

Drift direction from

E f zom
E

4041 40

57 58

16 18

40 42

43 45 58Tidal direction

Angle between drift and tide

Dimensionless parameters

degrees

Net drift magnitude, U T/h
fs

Max tidal velocity,   +V !T/h
2

Ts Ts

Max tide along drift axis, U T/h
Ts

28 60

40 74

40 74

92

84

80

Max tide normal to drift axis, V T/h
Ts

Dispersion along drift axis, E T/h
2

Dispersion normal to drift axis, E T/h
2

26

495470 560

1 85

80.5 8.85

350

0.001Decay factor, uT

Values for the parameters of the water itself are identical to those
of group 5
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Net drift magnitude, U
fs

Max tidal velocity, +V
2 2

Ts Ts

Max tide along drift axis, UT
Ts

Max tide normal to drift axis,
V

Dispersion along drift axis,

Units

cm/sec

cm/sec

cm/sec

cm/sec

Grp 1 Grp 2

2.14 4.58

3.10 5.68

3.10 5.69

0.14 0.22

89 92

83 84

80 80

22 26

525 500

315 345

0.237 0.018



Once the hydrodynamic parameters  mean transport rates and

dispersion coefficients! and the normalized vertical concentration

profiles of the sediment groups in each drogue study are determLined,

they are used to solve the horizontal depth-averaged dispersion

equation. The decay factor, a, is computed as

e - Aw g�!/h

wherein A is assumed as unity. All parameters are expressed in non-

dimensional form, using the depth h as the reference length and the

tidal period T = 45600 sec as the reference tima. Then the

integration �.7! is performed numerically, using a non-dimensional

time increment of � ~ 0.05.
T

The lines of equal concentration for each case are plotted in

Figures 15, 16, ll. This is done only for groups 3, 4, 5. Groups

1 and 2 do not yield any significant average concentrations at

distances more than a mile from the source . For purposes of comparison,

each figure was drawn as if the input consisted 100K from sediments

of the respective group. To get the actual concentrations, the

values presented must be multiplied by the percentages shown in

Table 3.
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7.6 Results and Discussion

Several things can be noted about the values of the paraamters

listed in Tables 4, 5, and 6.

First, there is a consistent increase of the mean transport

rates both tidal and non-tidal, from group 1 to group 5. This

was expected, since the lower velocities near the bottom are more

heavily weighted in the first sediment groups. The differences are

very slight between groups 3, 4, and 5 because of their nearly

uniform vertical profiles. The tidal velocities are higher in

February, when the tidal amplitude was larger. The drift velocities

are generally of the sane order of magnitude as those of the tides.

The ratio of tidal to drift magnitudes is larger for the first

groups, possibly indicating a more uniform tidal profile, with

relatively high velocities near the bottom. The drift velocities of

about 7-10 cm/sec for the water itself are in good agreement with

values reported from other studies and discussed in more detail in

another report by the authors �! .

The prevailing drift direction is SE. In June, the drogues ~

after moving for several hours to NE, changed direction and continued

SE, which was the direction of the March and February drogues, also

 Figures l0, ll, l2!. The direction of transport is very much the

same for all the groups, on each cruise, the difference among them

being nmch smaller than the differences between the three cruises.

This indicates that the water moves at approximately the same
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direction at all depths. It should be mentioned here that the

shallowest drogue is at a 7m depth, thus directional changes near the

surface, due to short-duration winds, could not be measured; also,

drogues were not placed close to the bottom to avoia interference

with the sea bed.

The shear velocity did not change much in the three cases,

having an approximate magnitude of 0.5 cm/sec.

With respect to the dispersion coefficients, it is seen that

the effective value of the longitudinal dispersion  i.e., along the

drift direction! decreases from group l to 5. This is because of the

presence of high concentrations of group 1 near the bottom, where

the velocity gradients are higher. Sy contrast, the lateral dis-

persion  i.e., normal to the drift direction! increases markedly from

group l to 5. Due to the absence of any constant shear flow normal

to the net drift, the nonuniform suspensions are not easily dispersed.

The average horizontal dispersion for the water body defined

as the geometrical mean of the two values is remarkably similar in

February and March, but twice as high in June' This increase is

mostly due to the lateral dispersion. It may be due to the stratified

conditions prevailing in June, in contrast to February and March.

In Table 7, theoretical predictions for the eddy diffusion terms by

Okubo's formula  Section 5.3! are presented for k = 30h. Also shown

are the dispersion terms, followi.ng the formula E = Ahu+, where

u+ in any direction is assumed to be I/20 of the mean velocity
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Table 7

Sis ezsion Coefficients �0 cm /sec!5 .2
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magnitude in that direction,

It is seen that estimates, with values of A 40 to 80, are in

most cases close to the true values; only the dispersion normal to the

drift axis in June is severely underestimated.

The dispersion patterns resulting from the model for the

three sets of conditions  Figures 1.5, 16, 17! clearly indicate that

the drift direction is the most important hydrodynamic feature

affecting the movement of suspended matter for the conditions

investigated. Unfortunately, it is highly variable. The assumption

of a constant drift is too restrictive and does not in general

represent natural conditions. The drift. direction changes both in

time and space, as the result of wind shifts, inlets, general

circulation, etc. The prevailing direction, however, for Western

Massachusetts Bay, seems to be SE. Occasional changes of the drift

from this direction may conceivably spread the sediments more in the

lateral direction and less in the longitudinal. Thus, the model

results overestimate the length but underestimate the width of a

natural dispersion plume. If the drift were truely constant, the

narrow isaconcentration lines would be quite reasonable. The

material could not spread much due to the assumed lateral uniformity

in the velocity field. The value of the dispersion coefficient

normal to the drift axis becomes then the primary factor influencing

the width of the isoconcentration lines. This is evident by

comparison of the March and June plots  Figures 16, 17! . The tide,
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L
n � + 4

TsUf �-6!

wherein L distance from the source

Uf net drift velocity.
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as will be seen later, does not materially affect the width but just

moves the plum back and forth, about the drift direction. The

va1ue of the dispersion coefficient along the drift axis is, by

contrast, quite insignificant in light of the very important role of

the drift velocity in determining the total length of dispersion.

This can be seen by comparing the lengths of the plots of February

and June  Figures 15, 17! .

However, the decay factor, u, a function of the sediment

settling velocity, is even ax>re important in determining the extent

of the plums of the suspended matter. This is readily seen by

comparing the plots for groups 3, 4 and 5 for any set of conditions,

although the advective and dispersion terms are approximately the same

for the three groups ~ The importance of A becomes now clear. If it

were taken as 0.5 instead of unity, the result would be the saam as

if the settling velocity were divided by 2.

The time needed for the solution to reach steady state at a

particu1ar point was found to depend primarily upon the decay constant

and the magnitude of the net drift. This tiam, expressed in number

of tidal cycles, can be approximately given as



This holds, provided the decay factor is such that significant

concentrations are eventually found at the point under consideration.

Thus, the time to convergence for the model runs was less than 5

tidal periods for groups 1 and 2, about 12 for group 3, 20 to 25 for

group 4 and more than 30 for group 5. In fact, the plots presented

in Figures 15 and 16 for group 5 are for a time of 30 tidal cycles,

due to restrictions in computer time. The equilibrium profiles are

slightly longer. Of course ~ for points near the source steady state

was reached much sooner for all groups.

In order to provide more specific information on the effects

of a possible dredging operation, representative values for the

parameters of the model, estimated from those appearing in Tables

4, 5 and 6, were used for another run of the model. The values used

are listed in Table 8. The normalized vertical profiles for the

5 groups are shown in Figure 18. The decay factors were computed as
w $�!

e - h , considering A - l.

The results of the depth averaged concentration c are

presented in Figure 19, in distorted scales, the x-axis being parallel

to the net drift direction. The coordinates are presented in non-

dimensional units, i.e., multiples of the depth. The distances to

which several concentrations extend are tabulated in Table 9.

The effect of the tide, as seen in Figure 19c, is basically

a shift of the isoconcentration lines along the tidal direction.



Table 8

Ayers Gondi tions

Table 9

Len th in %ziti les of the De th of Area
with Concentration U Lar er than Indicated

 for average conditions
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Figures 19a,b
Distribution of Average Concentration, c, of Groups 1 and 2
under Average Conditions, at High Water Slack
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Figures 19d,e
Distribution of Average Concentration, c, of Groups 4 and 5
under Average Conditions, at High Water Slack
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The dependence on tidal time is more pronounced in the vicinity of

the source, where the width of the plume is small. However, the

model is not reliable in such small distances, as discussed in

Section 3.2,

As was indicated in Section 6.3, the deposition of sediments

on the bottom over a period of time can also be evaluated by the

present model. Naturally, the limitations concerning the reliability

of results for the suspended matter also apply to the results for the

deposition. As an example, the average deposition rates  mass per

unit time per unit area! are shown in Figure 20 for the sediment

group 3, under the average conditions stated in Table 8. The

average of the values of c at high and low water at a point was

taken as a representative value over the tidal cycle ~ Hence, the

average deposition rate was computed by multiplying this value by

w $�!. The resulting iso-deposition curves are almost symmetrical
s

about the drift axis ~ They are valid after steady-state has been

reached. By multiplying the values given on the figure by the

duration of dredging, the anuunt of sediments deposited at various

locations can be found. This amount, as well as the rate of

deposition, are quite important from an ecological point of view.

Nevertheless, even more important for an overall assesment of the

dredging impact are the percentages of the total sediment discharge

settled within a certain distance from the sources
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An approximate calculation was carried out in the following

way. The areas of the iso-deposition lines of Figure 20 were measured

by a planimeter and, by assuming linear interpolation between the

curves, the total deposition ia gr/tidal cycle within each curve was

computed. These quantities were related to the total mount

injected which is 0.02 x 10 x 45600 912 x 10 gr/tidal cycle.6 6

The results are presented in Figure 21. It must be pointed out that

the linear interpolation used overestimates the true percentages

that are deposited within a certain area. For an accurate calculation

many more iso-deposition lines between those of Figure 20 are needed.

With respect to the verification of the model, adequate

information is lacking for the tim being. The actual dredging

operation ia the sumer of 1974 would have been an excellent

opportunity for a quantitative evaluation of the model's weaknesses

and for its improvement. The previously mentioned "glass bead

study"  Section 1.1! can provide only qualitative information,

mainly because it involved an instantaneous injection. At this

time oaly preliminary data oa the number of sphalerite particles found

in suspension in various places in the Say during the experiment are

available �3!. A total amount of 2.9 x 10 sphalerite particles15

was introduced into the sea. The predominant particle size was

between 1 and 8p but their density was larger than that of the natural

silt or clay, being about 4.0 gr/cm . Therefore their settling3

velocities are close to those of the sedismnt groups 3 and 4 considered
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Figure 20 Deposition Rates of Sediment Group 3 Under Average
Conditions

Figure 21 Percentage of Total Discharge of Group 3 Deposited
Within Area Shown, Under Average Conditions
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in this study. The plume closely followed the mean drogue path

 Figure 12!, thus confirming the primary importance of the drift

direction. The particles moved initially E-NE and ultimately SK.
Their spread about the mean direction was large, and apparently
due to the changes in the drift with time and space. The presence

of concentrations of 300 particles/liter in Cape Cod Bsy S days

or 10 tidal cycles after the injection indicates a net SE drift of

about ' = 5n. miles/day = 10 cm/sec, which confirms the
25n. miles

5 days

average values obtained from the drogue studies. The drogue data

cover a relatively small area around the proposed dredging site and

the conclusions based on these should not be extended to the

entire Bay without reservation. The drift velocity is possibly

higher in the Southern part of the Bay, and a circulation pattern

is probably present around Cape Cod Bay. The fact that the beads

travelled all the way to Cape Cod, a distance of about 1500 times

the depth, further indicates that the model predictions with respect

to length of the dispersing plume are close to reality. Zt may be

amntioned that at the time of the glass bead study such a distance

of travel was quite unexpected.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

The model presented herein was necessarily based on simplifying

assumptions, so that an analytical solution could be found. It is

basically intended to give the equilibrium distribution of suspended

sediments, injected from a continuous vertical line source. The

transient behavior of the dispersing sediment plume can also be esti-

mated under certain conditions  as indicated in Section 6.1!. In

addition, information is provided on the deposition patterns to be

expected from such a continuous source of sediments.

The relative importance of the various parameters entering into

the model, investigated in Section 7.6, is established and it is shown

that the net drift and the sediment settling velocity are the primary

factors determining the distribution of the suspended matter around the

source. Also of importance is the dispersion coefficient in a direction

normal to the net drift.

A technique was developed for the analysis of drogue data to

yield values for the advective and dispersion terms, taking into account

the nonuniformity of the sediment distribution over the vertical.

Actual data were used for determining these values for the Massachusetts

Bay. However only 3 or 4 drogues were used in each case, and the

tracks covered in the field studies were relatively short. More exten-

sive data, for longer periods of time, are needed in order to estimate

the hydrodynamic parameters over the long distances that the fines are
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expected to travel according to the models results. In the analysis

of such long-term drogue data the change of net drift between tidal

cycles can be incorporated to yield an approximate net water movement

composed of a sequence of linear segments in the appropriate directions.

In that case, the model could be modified and the plume adjusted so as

ta follow the changing net drift direction. In this way the model could

be extended to any form of water movement prevailing in a certain area.

The tidal component could also be similarly adjusted. The assumption

of constant net drift in the present model does not reflect natural con-

ditions in view of the resulting long dispersion patterns. If it is to

be maintained, a much larger value for the lateral dispersion coeffi-

cient should probably be used in order to increase the spread of the

suspended matter. With the present model the width of the sediment

cloud is underestimated, while the prediction of the length is, at

least, conservative.

Nevertheless, probably the most important restriction of the

model is the assumption of one-layer shear flow. This assumption

allowed use of the same vertical equilibrium distribution as in open

channels and, furthermore, a significant simplification in the

structure of the model, through independent treatment of the horizontal

and vertical distributions. Secondary currents due to density varia-

tions, however, are often very important to the transport and dispersion

of suspended sediments. If the suspended matter is assumed to be

carried by density currents near the sea bed, t' he model could possibly

be applied for the reduced height of that current. The non-dimensional



plots given in Figures 19, 20 and 21 would be applicable approximately

although the advective and dispersion terms would have to be redefined.

The main difficulty for such an extension of the model lies in the

violation of the surface boundary condition.

Despite the limitations discussed so far, it is believed that

the present model is a relatively simple tool that can predict to some

approximation the impact of dredging or other similar activities in the

coastal zone. The preliminary results of the "glass bead study" of

NONES seem, at this point, quite encouraging.

Further research is necessary to relax some of the restrictive

assumptions employed in this model. A better understanding of the

effects of flocculation on the settling rates of fines is very desirable.

Also, the hydrodynamic characteristics must be modeled in relation to

the meteorological conditions. Until such additional research produces

more realistic inputs, the model developed in this study can be useful

provided it is applied with full understanding of the inherent assump-

tions and limitations involved.

-12 3-



REFERENCES

C.S. Ahn and P.E. Smith: "The first report on a study to fore-
cast nuclear power plants effects on coastal zones", E~viron-
mental Equipment Division, .Waltham, Massachusetts, December 1972

ASCE Task Committee on Sedimentation: "Sediment Transportation
Mechanics: D. Suspension of Sediment", J. Hydraulics Div., ASCE,
No. HY 5, September 1963

W.R. Boehmer: "A Preliminary Exercise in Modeling the 'Rain of
Fines'", Div. of Mineral Resources, Dept. of Natural Resources,
Commonwealth of Massachusetts, Spring 1973

G. Christodoulou, W. F. Leimkuhler and B. R. Pearce: Unpublished
report on current measurements by drogues in Massachusetts Bay,
N.I.T., Department of Civil Engineering, September 1973

A.N. Diachishin: "Dye Dispersion Studies", Journal of the
Sanitary Eng. Div., ASCE, Vol. 89, No. SAl, January 1963

W. F. Dobbins: "Ef f ects of Turbulence on Sedimentation", Trans.
ASCE, Vol. 109, Paper No. 2218, 1944

H.A. Einstein and R.B. Krone: "Experiments to Determine Modes
of Cohesive Sediment Transportation in Salt Water", Journal of
Geophysical Research, Vol. 67, April 1962

J.W. Elder: "The Dispersion of Marked Fluid in Turbulent Shear
Flow", Journal of Fluid Mechanics, Vol. 5, May 1959

H.B. Fischer: "The Mechanics of Dispersion in Natural Streams",
Journal of the Hydraulics Div., ASCE, Vol. 93, No. HY 6,
November 1967

S.L. Frankel and B.R. Pearce: "Determination of Water Quality
Parameters in the Nassachusetts Bay �970-1973!", Ralph M.
Parsons Laboratory for Water Resources and Hydrodynamics, M.l.T.,
Department of Civil Engineering, Technical Report No. 174,
November 1973

W.H. Graf: "Hydraulics of Sediment Transport", McGraw-Hill
Book Company, 1971

D.R.F. Harleman: "One-Dimensional Models", Chapter 3 in
"Estuarine Modelling: An Assessment" by TRACOR, Inc., for the
Water Quality Office, EPA, February 1971

-124-



W.N. Hess: "Preliminary report on the NONES glass bead experi.�
ment", NOAA Environmental Research Lab., Boulder, Colorado,
July 5, 1973

13 ~

E.R. Holley, D.R.F. Harleman and H.B. Fischer: "Dispersion in
Homogeneous Estuary Flow", Journal of the Hydraulics Div., ASCE,
Vol. 96, No. HY 8, August 1970

14 ~

E.R. Holley and D.R.F. Harleman: "Dispersion of Pollutants in
Estuary Type Flow", Hydrodynamics Lab., M.I.T., Department of
Civil Engineering, Technical Report No. 74, January 1965

15.

A.T. happen: "The Distribution of Suspended Material over Cross-
sections of Open Channels", unpublished manuscript, 1934

16.

A.T. happen: "A New Look at Sedimentation in Turbulent Streams",
Journal of the Boston Society of Civil Engineers, July 1971

17.

H.E, Jobson and W.W. Sayre: "Vertical Transfer in Open Channel
Flow", Journal of the Hydraulics Div., ASCE, Vol. 96, No. HY 3,
March 1970

18.

19.

R.B. Krone: "A Field Study of Flocculation as a Factor in
Estuarial Shoaling Processes", Technical Bulletin No. 19,
Committee on Tidal Hydraulics, Corps of Engineers, June 1972

20.

Marine Geology and Geophysics Lab., AOML: "Preliminary Plan for
the NOMES Tracer Experiment", May 15, 1973

21.

A. Okubo: "Oceanic Diffusion Diagrams", Deep Sea Research,
Vol. 18, 1971

22.

A. Okubo: "The Effect of Shear in an Oscillatory Current on
Horizontal Diffusion from an Instantaneous Source", Oceanology
and Limnology, Vol. 1, No. 3, 1967

23.

E. Partheniades: "A Summary of the Present Knowledge of the
Behavior of Fine Sediments in Estuaries", Hydrodynamics Lab.,
M.I.T., Department of Civil Engineering, Technical Note No. 8,
June 1964

24,

E. Partheniades: "Erosion and Deposition of Cohesive Sediments",
Chapter 20 in "Sedimentation � Symposium to Honor Professor H.A.
Einstein", edited by H.W. Shen, Berkeley, 1971

25.

-125-

H.E. Jobson and W.W. Sayre: "Predicting Concentration Profiles
in Open Channels", Journal of the Hydraulics Div., ASCE, Vol. 96,
No, HY 10, October 1970



26. H. Rouse: "Fluid Mechanics for Hydraulic Engineers", 2 Ed,,
Dover, New York, 1961

27. W.W, Sayre: "Dispersion of Silt Particles in Open-Channel Flow",
Journal of the Hydraulics Div., ASCE, Vol. 95, No. HY 3, May
1969

28. S.P. Sullivan and F. Gerritsen: "Dredging Operation Monitoring
and Environmental Study, Kawaihae Harbor, Hawaii", J. Look Lab.
of Oceanographic Engineering, Technical Report No. 25, Depart-
ment of Ocean Eng., University of Hawaii, September 1972

29. W.C. Taggart, C.A. Yermoli, S. Montes and A.T. Ippen: "Effects
of Sediment Size and Gradation on Concentration Profiles in
Turbulent Flow", Ralph M. Parsons Laboratory for Water Resources
and Hydrodynamics, M.I.T., Department of Civil Engineering,
Technical Report No. 152, August 1972

Tetra Tech, Inc.: "Further Studies on the Prediction of the
Radioactive Debris Distribution Subsequent to a Deep Underwater
Nuclear Explosion", Final Report, October 1969

31.

32. P.M. Vogel: "Intermediate Grain Size Distribution Data", Campus
Correspondence, University of New Hampshire, March 28, 1973

33. W.T. Wnek and E.G. Fochtaum: "Mathematical Model for Fate of
Pollutants in Near-Shore Waters", Illinois Inst. of Tech.
Research Institute, April 1972

-126-

30. Tennessee Valley Authority, Corps of Engineers, Dept. of Agri-
culture, Geological Survey, Bureau of Reclamation, Indian Service
and the Iowa Institute of Hydraulic Research: "Methods of
Analyzing Sediment Samples", Report No. 4 in "A Study of Methods
Used in Measurement and Analysis of Sedimept Loads in Streams",
University of Iowa, November 1941



APPENDIX h

SETTLING TUSE MELSUlkZNKNTS
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Run No. 1

Kaolinite

Run Na. 2

Kaolinite

Initial Concentration 100 mg/k

Initial Turbidity Reading 64 FTU

Background Turbidity 0.15 FTV

Initial Concentration 10 mg/X

Initial Turbidity Reading 7.0 FTU

Background Trubidity 0.40 FTU



Run No. 3

Illite

Initial Concentration 100 mg/tRun No. 4

! lli te
Initial Turbidity Reading 36 FTU

Background Turbidity 0.20 FTU

-l29-

Initial Concentration 10 eg/k

Initial Turbidity Reading 4.0 FTU

Background Turbidity 0.20 FTU



Initial Concentration 10mg/R

Initial Turbidity Reading 5.0 F1U

Run No. 5

Boston Harbor Mud

0.25 FTU

Run No. 6

Boston Harbor Wd

0.15 FTU
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Background Turbidity

Initial Concentration

Initial Turbidity Reading

Background Turbidity

100 mg/k

52 FTU



COMPUTER PROGRAM FOR ANALYSIS OF DROGUE DATA
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300

60

301

3C8

3C9

3
ID

OQ I I I I ~I ~ 50
T lkr Ill !> 10000000 ~
CONT loof
I~1
Ilmk+1

Ta 3

0023
0026
0025
0026
0027
0028

0029
0030
0031
0032
0033
0034

T kr  !<FLOAT� �600r'Ihr60+IHr!SI
X krt !<FLOAT IXI
Ylkrl !~FLOAT t YI
DEPTH N! fLQAT  IDEP I
I i I+I
Ga Ta 3

C
C
C
12 OQ 13 I It>tr50

T IH, I ! I ! --IODOOOQD.
C !N 7 INDE

0035
0036
00'37 13

C
C
C

OO38
0039
0040

0001
0002
0003
0004
0005
0 006
ODOT
0008
0009
0010
0011
0012
3013
0014
0015
0016
001 7
0018
0019
DOZ 0
0021
0022

OIHENS ION T '5 50! ~ X S 50! VI 5 ~ 501 ~ DEPTH�! V�I DST�0!
DI HC HSIDH XX�r50! r YY� ~ SO! r XXHEAH�0!r YYHEAH�0!r XXV AR  Sa 1
DINEHS I OH YYVAR I SO! ~ EX  50! E YI 50 I ~ PHI �1 I ~ CUP�1! 2�1! ~ VXX t50!
0 I HEHS I QH VYY �0! r$ E Pl 6 I
DIHCHSIQH NS�!
READ  Sr300! NO
'FORNAT I 13!
DQ 299 I JKrlrNO
HUHVT~O
READ� ~ 60! SIT ~ Tl HTr 8OTDEP
FQRHA't F8 ~ Qrf7 3 ~ F5 ~ 0!
READISr301! CAPPArNSTEPrHCYC
FQRHAT F4 ~ 2 ~ 14r t3!
REAC I 5r 308! IWiS
FQ'RHAT  � I
READ� ~ 309! VS  I I ~ I +I ~ NVS!
FORHAT  Sf 12~7 I
I~I

NERD� ~ IOI H ~ IDEP ~ III ~ lk ~ 1$ ~ IY ~ IX
FQRNAT'I I 3 ~ 11Xr I 3r 13 ~ � ~ l2 ~ 18r IRI
IFIHrl! 
r6r5

SIGNAL ALL IX USED ELEVE HTS OF ARRAY VI TH
NEGATIVE NUHbER

PUT iNTEGER INFORHAT IQH IHTO REAI. ARRAYS

stGNAL UHUsED ELEHERTs af LAsT ARRAY As H 1TH QTHFRs

HAKE I HE CORRECTIONS SO THAT TI HE IS ALVAY$ INCREASING

Oo
DQ 25 XR~Ir49
0 T RrRRrll-T R ~ RXI
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004 
0042
0043
0 044
0045
0066

17

23
25
30
C

C C
Ooeer
0068
904 9
005C
0051

OST�! STT
OO 32 J~L F 69
OSTIJtL!~DSTIJ!tTINT
C ONT  HUE
JJ~50

'e 3
35
%2

55

C

C C 57
'5 8
6C

t5

68
73

310

1L9

-133-

0052
0053
0054-
0'
'5
0056
0057
0058
0059
|�60
006 L
0062
0063

0064
0065
0066
0067
0068
006 9
0070
007L
0072
OO73
0074
0075
0076
0077
0078
0079
0080
0081
0082
Dod3
0 086

ff QI lre25e25
DO 23 «X«a««69
TI«,x««tL! 7f«,«x«tl! te6630.
CONTINUE
C 3NT 1 HUE
CQH T I HUE

SET UP DESIRED TINE ARRAY

ASSOC IATf X AND V VALUES « TH DES IRFO TINE ARRAY

DO 60 Lef ~ K
Ii!
J~L
lf DST  J! T L ~ I ! I SCe35 ~ 35
TF I DST I J I-T ILe I+1 l I eeZe ee2e 55
OTe DST  Jl-T Le I ! I/IT L ef el !-TIL ~ f l I
XX L J! X L ~ I l+IXIL ~ I+1 !-XIL ~ I! !tDT
YYI L ~ J!+ VI L ef !t I YIL ~ I tl!-Y IL ~ I I !DDT
J~Jtl
GO TO 33
l~ltL
IF  TIL ~ lit!I 57 ~ 57e35

I.ENGTH USED IS TfeAT OF THE SNALLEST ARRAY

IF  JJ J I 60 ~ 58 ~ 58
JJ~J-L
C3H 7 IHUE
NP~Nt!
NE~N-L
Do eO L- LeN2
If L-1! 65e65 ~ 68
F2~J
Ceo TO 73
F2 ~ IDEPTHIL-lltDEPTH LI ! to 5
F le of PTH L! tof PTHI Ltl! ! 63 ~ 5
«I L I< F 1-F2l/BDYDFP
C 3NT I HUE
DFAC L.-DEPTH N!/eaTDEP
«I N+1!~DF AC/  9 ~ t ALOD I DP AC! I
«  M! I -«INtf !- DEPTH %-1! tDEPTHIN! !/� ~ teDTr EP!
«RITE� ~ 310!
FDRHA M 1 Hl I
IIR I TE I 6 ~ L 1 9 I
fDRNAT�Xe 'FOR NEUTRALLY BOYANT PARTICLE Se!
«RITE� ~ 120!  « L l ~ L ~ 1 ~ NP!



120

82

86

96
87

8%
90

0085
0086
0087
OO88
0 089
0090
0091
0092
009 3
0094
0095
0096
0097
0098
0099
OLOO
0101
0L02
0103
0 lob
0 10'5
0106
0107
OLO8
0109
OL10
0111
0112
9113
OLLI
0115
OL16
0117
0118

FOR RAT I 2X r ' NE �HT5' ~ I X ~ 1OFI ~ 3 I
XX h+L»L!~XXIH ~ 1 I
YY I h+1 ~ 1 I <YY  Nr 1 !
00 82 J<L»JJ
XXI h+I ~ J!~XX th+1» ll
YYIP+Ir J!>YY Ihrl ~ 1!
C'3H7 INUf
00 86 L~L»e P
00 88 J 2»JJ
XXI I.r Jl>t XXtl r J I-XXt L ~ 1 I !930 ~ 5
YY  Lr J I +  YY L ~ J I YY Ilr 1 I I' ~ 30 ~ 5
C ONTI HUE
XXtl ~ I !~0 ~
YYIL»1 I~O.
CONTINUE
00 96 J L,JJ
OST IJI OST J!-STT
00 84 J~L ~ JJ
XXNE AH  J I <0»
YYIIEAN  J'I~0
XXVARt JI>0
YYVARI J IRO ~
CONTINUE
0090 J I ~ JJ
00 89 L»L»NP
XXhfiH J!»XXNEANIJI»XX L»J!III ll
YYhf AN  J !~YYNEAHt J! rYYt L ~ J IPII t I
COHTlHUf
C !NTlHUE
00 '92 J~2» JJ
VXX t J! ~  XXHEIN  Jl XXMEAN  J ll I/T IHT
VYY J IS  YYIIEAN  Jl YYIIEINI J I! I/TINT
CONT LNUE
CALI. TIOVFLIHCYC,JJ,OST,XXNEIN,VYHfAN,TINT.ORtFNO»OR FOR»UT,

0119
0129

012L
0122

0123
012r»
012'5
0126
OL27
0128
0129
0130
0131
0132
01'33
0136

LTIOEOR ~ LAST I
WRITE � ~ 130!

1 30 FORNIT   e 7 I IIE e ~ SX ~ e Nf AH X ~ r 5X ~ e
19X ~ ~ 01S ~ C' ~ 8X ~ »0 SP Nr ~ TX ~ »VEL X e r 5

NR! TE t b r 131 I
131 FORNIT I 3X ~ 'I SEC I ' ~ ll ~ ~ t Chl ' ~ 6X ~ ' I Chl

I ~ 5X ~ tCI»2/SEC! ~ 5X» ICN2/SEC I »1X ~
ST~SIN OR!FOR!
CT~CCS OR FOR I
00 9$ J>L»JJ
~ XXNEIN  J!'+CT+YYNEAN  J!AST
Yll -XXNEIHI J!PST»YYNEAH JILT
Ot! 96 L~L»hP
XXX~XX tr JI+CTrYYCL e J!+ST
YYYI XX I t ~ J !EST t YV I L r J !RCT
XXVAR I JI ~XXVAR  Jltte LI' ~ t XXX Xhl++2
VYVARI JI VYVAR  J!+N LI< YYY-YH�P2

94 C WT I!NIE
95 CON'T I INIE

NFAH r ~ ~ hX ~ ~ C VAR ~ »IIX» eh VAR ~ ~
X ~ ~ VF . Y' l

~ 7X ~ ICN2/SFC! »5X»  CR2/SEC!
I Ch/SEC ! ' » 2x ~ I C Ir/SEC I ~ / I



0 135
0136
0L37
OI.38
0139
D L40

0 I ee I
0 L42
OLA3
01+6
0 1+5
0 I ee6
DIAT
DE<8
01 49
0150

0151
0192
0153
0 15A
0155
0156

DO L95 J~2r JJ
FXI J l~ I XXVAR  J I-XXV AR  J-1 I I/� ~ RT INT I
EYI J! ~ YYVAR  JI-YYVAR I J 1 I !/� ~ ~ TINT I

1 95 COHT INUE
Da LA I J-Z,JJ
VR ITE � 1%01 DSTI JI ~ XXNEAHI JI ~ VYNEANI J I XXVAR J I ~ VYVAR  J I

Lr EX I J ie EY  J I ~ VXX  JI ~ VYYI JI
LAD FORRAT �FED De4EIA e5 e2F LOe31
14 I CONTINUE

CALL CONVRT  NCYCr LAST ~ DR IFNG r DR IF DR ~ UT ~ TIDEDR r F X eE YI
293 IF NUeellT
94 ' 294e295
29A CALL USTA  HCYC ~ JJ ~ VXX ~ VYYrDST ~ USTA' TINT 
295 HUNNT~NUNNTe 

IF I NV S-HUNII T 1 299 ~ 8 3 ~ 83
83 NSLKNS NUNiIT!

NRITE �e315 II�1r 15 FOPeiAT  I ~ 3X ~ 'NOR eALIZED VERTICAL PROFILE FOR SETTI.IHG VELOCITY
LFL2 ~ 7 ~ 2Xe 'CN/SEC e ~ / I
CALL PROF ILIPHI ~ CUN ~ K ~ NSL ~ USTARrCAPPA NSTEP 8OTOEPI
CALI WEIGNTI N SFP DEPTH CUN ~ 8 ~ 8OTDEP ~ 2 NSTEPI
GO TC 87

299 CBNTIHUE
CALL FXIT
ENO
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0001

THIS ROUT IHf COI PUTES THE Nf AH HEIGHTEO TIDAL AHO H'ET OR'IFT
vELcc IT IES G vEN THE NEAN Hf IGHTED DROGUE NQT ION l xxNEAN YY¹AH!

OINCHSIDN DST�0! ~ XXNEAH�0! YYNFAN�0!
NRI TC le ~ 311!
fORPATI IH1!
P I ~ 3, 14159
HOST~45600 /TTHT
REN+45600 ~ NDST ~ TINT
LASTsNCYCJNDST
IF LAST-JJ	5r15r�
HR I TE l 6r 301 !
FQRNAT // ~ ~ TIDAL CTCL C OVERRUNS RECORD IH TIOVFL

I CONPDTATIDNS NADf CN REDUCED ava1la8lE CYCLE ~ !
LASTQJJ
Rf P~O ~
xxNf AHILi STP II xXNE AH LAST!
YTNEANli asT+l! ~ YYNEAH LAST!
xLAsT xxNEAN LAST!+IxxNEAN lasT+I!-xxNFAN LAST!!BREN/TINT
YLAST~ YYNEANI LAST !+ I YYNEANI LAST r I ! -YYNE AH LAST ! ! +REX/T I NT
XOR IF XLAST-xXNfiNIHCYC!
YDR  fr YLAST-YYNEANIHCTC!
CTC QDR~DST l LAST!-OST IHCYC Ir REN
OVELX~XDRIF /CYCOUR
OV EL Y ~ YDR I f /CYC OUR

�02
0003
0004
0905
ODOe
0007
0OOe
0009
0010
0011

311

14
30!

0012
0013
0314
0015
0016
0017
00!B
00!9
00 20
JO21
0022

15

DIRECTION OF NET DRIFT

DIRECT~ATAH  YOR IF /XCR! f !
If I XLR IF ! 20 ~ 25r 25
IF IYDPIF
!r22rtt
OIRFCT~DIRECT PI
GO TO 25
0 I REC I ~D I Rf C Tr P I
DR IFDReD !RECT
OEGDIR~DRIF Djt+�80 ~ /P I!
DR IF NG>SORT  I XORIF 	+2+ l TOR I F ! ++2! /45600 ~
lIR ITE I 6 ~ 303! DR IFNGr DEGD IR
FORNAT / ~ 3X ~ ~ NET DRIFT ~ ~ F10 ~ 3 ~ 2X ~ CN/SEC r ~ IOX ~ ~ DIRECTION FR !N

0523
0024
0025
oota
0027
0028
0029
003C
0031
0032
0033

20
21

22
25

303
1 EAST ~ rflo ~ 3!
OCVPL 0.
DEVN2ioo
XOEV 1~0 ~
Y DEVI<0 ~
XDE Vtio ~
YOEV2~0 ~
NP HCYC+I
00 38 LL~rLAST
XMOVEL X+V I HT+  LL-HC YC I r XXNE all NC TC !
TO&YE L TOT I HT+  LL~YC I+TYNE AH INC YC !

0034
0035
0036
0033
0038
0039
004C
0041
0042
0043

SUBROUTINE I IDVEL fNCTC ~ JJ ~ DSTr XXNEAN ~ YYNEAH ~ TINT rDRIFNG rDR f DRr
IUT r TIOEDR ~ LAST!



0 044
0 545

31
32

39
35

185

D062
0063
0064
0065 304

9 9'90066
0067

20
Zl

22
ZE

30
36

$8
9'9

-137-

0046
0097
009 B
0049
0050
0051
0052
0053
0056
0055
0056
0057
0058
0059
0060
006 I

000 
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
00!%
0015
0016
0017
0018

DEVN$ SORT     XXMEAH  LL I -XD �426  TYNE AH  LL I-YD�42!
CALL TEST NTE ST ~ XXHCAH HCYC I eYYNEAH HCYC! i XXNFAN LL I ~ YY+FAH LL I s

1D  RECT !
IF   HTF ST I 31 ~ 31 y 34
IF   OEVNl-DEVN! 3 Zt 38m 38
XDEVI$XXNE AN LL I-XD
Yhf Vl ~ YYNEAH LL I- YO
DEVP I ~ DEVN
GD Th 38
IF OEVN2-DEVN�5y38 ~ 38
XDEV2$XXNFAN LL !-XD
YDEV2$YYPEAH L'Ll-YD
DEVNZ Of VN
CONTINUE
XDE V$   Xh  V I XDEV2 I
YDE V$   YDEV I YDF V 2!
TIODIR$ATAH YDEV/XOEV!
7 '  DEDR$ T IDD I R
r DOFG T DEORP�80./Pr!

NAX ~ TIDAL VEL ~ DISP ~ OVER I/2 CYCLE P PI/T NE DF CYCLE

DE VT S !RT XDEVie2+YCEV* ~ 2!
UT$DEVTt 3$16159/C YCDUR
VRITE �,306! UTi T ODEG
CORNAT   / 3X ~ ' %AX T  DAL VELOC IT Y i F10 ~ 3 2X, i CN/5 FC ~ 1OX ~

 ' DIRECT OH FRAN FAST> F10,3 /I
RETURN
EHD

SUFROUTIHE TEST NTESTtXDi Yht Xly Y 1tOIRFC T I
P I $3 e �159
X$Xl XD
Y$Yt-Yh
D REC1$ATANI Y/XI
IF   8 I 20 i 2'5 ~ 25
IF  Y 
1 ~ 22 ~ 22
D REC1$OIRECI-P!
GO TD 25
DI8ECI$hr RECIiP I
C !HTIHUE
 F DIRECT-DIREC1�8 38 30
 F   D RECT-0 REC1 PI ! 36 ~ 36 38
NTESTRI
Gh TD 99
NTE 3'T$-1
RETURN
F'HO



190

191

001 T
0018

00!9
0020

000L

41
361

42

115
11T
C

C C
0015
0016
001 7
0018
0019

331

Os!DI
0002
0003
0005
0005
0006
0007
0008
0009
0010
0011
0012
0013
0016
0015
0016

0002
0003
0006
0005
0006
OOQT
0008
0004
s! 010
0011
0512
0013
00 14

SUBROUT IHE CQNVRT 1hCYC ~ L AST ~ OR IFMG OR If QR UT TI OEOR ~ EX ~ EYI
Ql«IEHSIDH EX�0! ~ EVI50!
FXSRO ~
EYS~O ~
NNCYC NrVC+I
00 190 J~NNCYC ~ LAST
EXS~EXS+EXI JI
EVS<EYS«EYI J!
C JNT IHUE
AVEX<EXS/ft.AST-NCVC!
AVEV~EYS/It.AST-HCYC!
TH' 6 TA AS SIDR f FOIt-T I CEDR I
T IQEC~UT4COSI THETA I
T I DENRUT «ES IHITHETA!
«tRITE 16 ~ 191I TIDEC« T!DEIt
FORIIATI/ ~ 3X ~ s TIDE ALONG DRIF T AXIS« ~ F LQ ~ 3 ~ 2X, «C'M/SEC' ~ IOX«

1 ~ TIDE NORMAL TO 'IT s ~ F 10 ~ 3« 2Xr ~ CN/SECs I
««RITE f6« 192! AVER«AVFV

192 FORI«ATt/ ~ 3X 'AVERAGE Of SPE" SION COFF ~ ALONG DRIFT AXI S« 812 ~ 5 2X
1'CM2/SEC ~ «10X« HORPAL TQ IT'«812 ~ 5 ~ 2X ~ 'CM2/SEC' I
RETURN
EHO

SURRDUT I!lE USTA  HCVC JJ VXX,VYY OST USTAR TINT!

THIS ROUTINE CDMPU'I ES THE SHEAR VELOCITY FROM i TMD
Ol tt'EHS Is!HAL TRACK OF ORQGUF POS! T f ON 5 USING Tt«E VELOC I T Y
MAGAITUOES

Ot MENS IOH EST l50 I ~ VXX I 50 I ~ VYYI50!
CVF.L>Cr
NOSTe65600 ~ /TfHT
LAST-hCYC+NOST
LLAST~LAST-I
IF! JJ I.AST�1 ~ 62 ~ 02
t!R I TE Ia, 36! I
FORIIATI/«2X, ~ RECORD Tao SHORT FOR TIDAL CYCLE OES! RED IN USTA ~ I
LLAST~JJ-1
OO 115 LLL~NCYC BALLAST
CVEL<CVEL «SORT I VXXI LLt + I! 4+2+VVV I LLL«'1 ! 4+2!
C !HT IhUE
VFLAV~CVEL/ILLL NCYC«,11

ASSU'Mf«IG THAT FR I CT ION COEFF IC IENT r Fr ~ +02

USTAR~VELAV/20 '
IIRITEI 6 ~ 331! USTAR
FORMAT I / ~ 3X ~ ~ UST AR~ ' ~ F I Or 3« 2X ~ ' Ctt/SEC« s / I
RETURA
EHO



OOOL

M blf c 2 bl 1

20

25

30
40

42
43
%5

450
6'!
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0002
0003
0009
0005
0006
0007
0008
0009
OOLO
0OLL
0012
0 J13
0014
00 I'5
OOLb
DOLT
OOla
OOL9
OJ20
0021
0072
09 73
0024
0325
0026
0027
002 8
0029
0030

SUBROUTINE PROFIL PHI CUM I ~ RS ~ UST4R CAPPA,MSTEP,ROTDEPI

THE PROGRAM COMPUTES THE NORMAL IZEO VERTfCAL CQMCEMTRATIOM
PROF  .E Fff 4 G VEL  OEPTH SHEAR VELOCITY' AMP SETTLIMG R 4TE ~

OINEASIOM PHI�L I ~ 52�114CU
O~f�/IUSTAR+CAPPAI
2  I IRO ~
RSTEP~MSTEP
OZ ~ I ~ /R5TE P
CUM L!~0
f iNSTEP+I
00 50 I~I ~ f 
IF Z ll--051 25 ~ 25 ~ 30
ZZ~.05
00 TO WO
ZZ~Z I I
52  I ! ~   I ~ /ZZ-L ~ ! /L9 ~  ~+0
IF I I-Ml 62 ~ 43yb3
Z�+II~2 f �02
1F   1-1150 ~ 50 ~ 65
53~ ~ 54'  52  I I+52  1-1 I I 4OZ
CUM  I !SCUM  I-1 1453
CONT INUE
55 I ~ /CUM f I
VRI TE Ib ybb81
FORM4T   5Xt ' 2 ' i LOXR 'PHI ' l
00 60 f~feM
PHI �1 55M 57    I
WRITE Ib 65OI Z�1 ~ Pf..l  !
FORPAT�X ~ F8 ~ 3e5X ~ E12 ~ 5 l
CONT RUE
RETURM
EMO



65

70
72

77
80

120

0001
DUhz
0003
00 !a
000 5
0006
0007
oooe
0009
0010
Goll
0 J�
oh�
00 %
ool5
00!b
0017
0018
OO!9
0020
0 021
0022
5523
0029
0025
hnzb
0027
ooze
Oh 29
0030
003!
0032
0033

SIR! ROUT '  NE N'EIGHT I IJ ~ S E P T DEPT H i CUR i 8 I 80T Df P r 2 ~ NST EP I
DINENS ON SEP bl ~ Rt 6!,CUN�11 DEPTH�! Z bll ~ ZZ�1! ~ RT � 1 ~ DCUItlbl I
RP
NZik 1
OO 65 1~1 ~ NZ
SEP L I ~ 5+IDEPTHILtlltDEPTHIL ! !/eOTOEP
CONT I NUE
OF4C~1 ~ -DEPTH It!/8OTD'EP
SEPt V I~1.-0FaC/  9 ~ +RLOG I DFRC I 'I
L~l
NNRNSTEP+I
ho 66  >I ~ NN
ZZ I !<le-2 I I I
OCUNI I !<CUR kkl CUkt   I
CONT I RUE
03 70  ~ 1,kk
I F I 2 1 INN- I tl I-SEP  L 1170 ~ 68 ~ 68
SFIC~ I SEPAL I-ZZ kk-I+211/  ZZ kt -I+1!-ZZ tkk- 1+211
RT LI  OCUH kk- IFZ I+SFiC+ DCUH kk-I+I I-DCUNINN-I 42	1/CU+ kk!
L~Ltl
IF i. RITCI Toe72
ChNT RUE
00 eo L~ltk
IF I L-1175 ~ 75 ~ 77
Rt L!~RT f L!
Gn ro 80
VIL! Nr L I-NT L- I
CONTINUE
Htkil!i!.-ST N!
HRI'TE� ~ 1201 Ill L I ~ L~ ltkP!
F DRR1 7 t /.2 a, I NE   GHT 5 ~,1 X. 10F 6.31
Rf TURN
FND



APPENDIX C

COMPUTER PROGRAM FOR THE HORIZONTAL

DISTRIBUTION OF AVERAGE CONCENTRATION
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10

14ST ~ I19

12

LOc I r Y 4Lcs»G hR I

0030
0031 Fr ixIS'»17 ~ 5X»

Fb ~ 2»5' STEP�

0034
0035
0036
0037
0031
0039
0040
0041
0042
0043
0044
0045
004b
0047
0040
0049
0050

17

Ee

0001
0002
0003
0004
0005
000b
0007
0000
0009
00 10
0011
00 12
0013
0014
001 5
0016
0017
0018
0019
0020
002!
0022
0023
0024
0025
0026
002 7
ooze
0024

RE AO I 5 ~ e! I I» ~ I TT» VOL R
FORNAT 112»tb»Fe 31
»P» f N
TT~ITT
tFI!»!l»2 ~ 2
00 70 X~E»5
RF40 15 ~ 10! I XS ~ IYS»f xL» I YL, ID»T'»7 1 »Dr
FQRMATII3, 14,I4, lb.f4»F6.2.F6.2.F6.'!!
XSRIXS
YS> I YS
XL~ I XL
Yt ~l YL
~ fh
REAOI'5»	! IEO»EFN» IUO ~ IVT ~ IVH»i ~ ANG
FhRMAT1 217 ~ 315»F Te 3 ~ FT» 2!
EO~ IF»!
FR~ IF N
VT~ I VT
UO> IUD
Vr~tVN
~3 ' �E59
MR ITF16 ~ 9! X
F'!RNATI»l ~,2x, ~ FCR SEOIMENT GROUP No ~,13!
MR I T I I 6 ~ 1 9 I 4 NG
FORHATI ~ OR!F7 OfRECTICN IS ~ ~ Fe ~ 2 ' CFGRE'ES FROM
MR ITEI6»
!
FhrriTI// ~ ' h!NEHSI ONLY'5S PA*ANETERS i ' I
MR I 7 F I 6 ~ I 3 I I UO ~ I V T ~ I VH
cceriTI ~ NET oRIFT VFLncr TY ~,15.sx, ~ Mix TroiL VE

IFT AXI S ~ » f 5»5X ~ ~ HCRPAI Th IT ~ ~ I 5 I
l!RITE�»14! fEO» IFN
F»3RHATI ~ QIRPF RSI cr coEFF fctFHTR-» '!x ~ AL'3NG hRI

1»HQR»IAL Th IT»»15!
Wl ITEIb»�! 1 ~ TE ~ OT
FORMRTI2X ~ ~ Tl»IE» ~ Fb 2 5X»EHD OF IHJECTIOH 47» ~

INT EGRAT I OH ~ ~ F 6+ 3 !
NR I 7 E Ib ~ 17! 4
FOR!IATI ~ cEciY >AcrhR» ~ 4 loa4!
MRI'f Elb» le!
Pt!R MAT I / ~ » X Y I. I P AR I /CO ' ~ / I
M~X!/O
H» YL/'h
M! a C MR ! I /2
N!~ I HR I I/2
N2~2+Ml+!
H&2PNE41
X~ X 5 ~1 1'+0
V~VS N!+0
AHG~P4ANG/ERO ~
00 60 I~a»M2
00 65 J<E ~ N2
XPR IME~X+CCSI AHGI+Y~SINIAHGI
YPR f MEe-XeSINI ANG I+V+C~S I AHG I



49
Sj

Se
'57

SZ

<OO

?0

61
~o

0051
00 52
0053
005%
00 55
00 56
OO 57
005R
0059
h060
OO61
0062
00 63
006%
0065
OO66
0067
006B
0069
0070
0071
00'7 2
007!
0074
007S
h076
00 77
0076
0079
OOBO
OOF<
eOBZ
00 83
00BA
0055

TZroe
01-0.
0' 0.
1F<T 1-T2l Loot 5!t 51
SI=<XFR INF-UC4 <7-TZ! +< ~ SRVr/P IR<COS< ?R! Rr }-C>S<2to~rZ I} !RR?
R<egtfOR<T 7? }
f1~~I/R<
S2~<YRR I REt< ~ SRVN/P! R<CQS  ?+Rtr I-r S<?+P TZ!! I++2
R? eeIFNR < T-T2!
F2~$2/RZ
F3~44<7-TZ!
F=F I+F2+F3  R=6RPR<T-T2}ASSORT <F04 FN} ~rr  L �:,-
0~0!
IF< f-<00 l S5 y S5 F56
01 ~ <FXR<-F I !/R
ro ri 57
glean.
TZ~TZtor
! F 1 ~ 2-hr } 69m 45m S2
02 ~ SR<0+0} !Rh~
03' 0 3+0?
Gh rh 49
CBivhLRRTT+03/<H++3!
vo<rf< et 2'!I x Y r4
f ARRAY l f R ~ 1 ~ RR ~ 1 ~ CX ~ E Ih, 3 I
Ys Van
C OVT I HUF
Xix+0
YiVS-N<+5
chNr INuF
C IHTINvf
ro rn w
ClLL EX! T




